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ABSTRACT 


An  increasing  demand  for  robust  MEMS  devices,  such  as  micro-sensors,  that  can 
operate  at  temperatures  well  above  300°C  and  often  in  severe  environments  has 
stimulated  the  search  for  alternatives  to  Si.  [1]  The  research  in  direct  formation  of  SiC 
thin-films  on  insulating  substrates  (SiCOI)  has  found  a  very  promising  technology  for 
producing  SiC  device  structures  and  providing  an  excellent  alternative  material  solution 
for  high  temperature  applications.  MEMS  applications  require  that  large  area  of  uniform 
SiC  films  is  formed  on  insulating  substrates  or  sacrificial  layers  [21’ 131  such  as  SCN4,  SiC>2, 
polycrystalline  Si  (poly-Si),  glass,  quartz  and  sapphire  substrates.  The  growth  of  highly 
uniform  SiC  films  with  a  highly  stable  and  impermeable  thin-film  structure  as  well  as  a 
smooth  interface  of  SiC-substrate  is  the  essential  step  in  producing  a  MEMS  device  with 
the  required  long-term  stability.  The  major  portion  of  this  study  was  devoted  to  optimize 
the  SiC  growth  conditions  for  different  device  applications. 

First,  for  electrically  controlled  MEMS  devices,  in-situ  N2-doped  3C-SiC  thin- 
films  have  been  grown  by  low-pressure  chemical  vapor  deposition  (LPCVD)  on  low- 
stress,  amorphous  SisN4/p-Si(l  11)  substrate  using  the  single  organosilane  precursor 
trimethylsilane  [(CHsfSiH],  The  effects  of  N2  flow  rate  and  growth  temperature  on  the 
electrical  properties  of  SiC  films  were  investigated  by  Hall  Effect  measurements.  The 
electron  carrier  concentration  is  between  10  ~10  /cm  .  The  lowest  resistivities  at  400  K 
and  300  K  are  1.12x10'  and  1.18x10'  £>cm,  respectively.  The  corresponding  sheet 
resistances  are  75.02  and  790.36  £2/n.  The  SiC  film  structure  was  studied  by  X-ray 


diffraction  (XRD).  The  3C-SiC  films  oriented  in  the  <11 1>  direction  with  a  20  peak  at 
35.5°  and  line  widths  between  0.18°~0.25°  were  obtained.  The  SiC-SpNr  interface  is 
very  smooth  and  free  of  voids.  To  pattern  the  SiC  films  into  the  desired  structural  shapes, 
selective  etching  is  required.  [41  The  inductively  coupled  plasma  (ICP)  etching  of  3C-SiC 
films  was  then  examined  in  both  NFs/Ar  and  Cf/Ar  mixtures.  Two  different  mask 
materials  (ITO  and  Shipley  1818  photo-resist)  were  compared.  The  effects  of  RF  power, 
DC  bias,  ICP  power  and  gas  flow  ratio  on  etch  rates  have  been  discussed. 

Second,  a  novel  fiber-optic  temperature  sensor,  which  is  rugged,  compact,  stable, 
and  can  be  easily  fabricated,  has  been  developed  by  using  the  SiC  thin-film  grown  on 
sapphire  substrate.  The  film  thickness  was  optimized  to  2~3  pm,  while  the  optimal  3MS 
flow  rate  ranged  from  35~40  seem  to  produce  an  optically  flat  SiC  film.  The  sensors 
were  operated  at  temperature  from  22°C  to  540°C.  The  shifts  in  resonance  minima  versus 
temperature  from  the  reflection  spectra  fit  a  linear  function,  giving  a  relative  temperature 
sensitivity  of  1.9xlO'5/°C.  The  capability  of  providing  a  ±3  °C  accuracy  was  discovered 
at  532°C  in  a  wide-open  ambient,  through  a  14-days  operating  life. 
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CHAPTER  1.  INTRODUCTION 


As  the  conventional  material  for  semiconductor  devices,  Si,  is  reaching  the  limits 
of  its  physical  properties,  replacement  materials,  such  as  silicon  carbide  (SiC),  are  being 
investigated  for  a  new  generation  of  robust  semiconductor  devices  in  harsh  environment. 
First  synthesized  in  the  20th  century,  SiC  has  been  the  subject  of  research  for 
semiconductor  applications  for  over  40  years  [1].  The  wide  bandgap  (2.2-3.4  eV),  high 
thermal  conductivity  (3. 2-4.9  W/cm  K)  [2],  and  robust  mechanical  properties  make  SiC 
attractive  for  many  applications  including  high  temperature,  high  power,  or  high 
frequency  devices  that  are  not  possible  using  Si  or  GaAs.  The  high  Young's  modulus 
(700  GPa)  and  Knoop  hardness  (2480  kg/mm2)  [2],  chemical  inertness,  and  radiation 
resistance  of  SiC  also  make  it  an  excellent  candidate  for  the  fabrication  of  micro-electro- 
mechanical  systems  (MEMS)  devices  that  need  to  operate  at  high  temperature  and  high 
frequency  as  well  as  in  harsh  environments. 

1.1  Silicon  Carbide  (SiC) 

SiC  is  the  only  known  binary  compound  of  silicon  (Si)  and  carbon  (C).  Both  Si 
and  C  belong  to  group  IV  elements.  They  are  bounded  in  SP  hybridization  bonds.  The 
unit  atomic  and  crystal  structures  of  SiC  are  shown  in  Fig.  1-1  and  Fig.  1-2  [3].  SiC  takes 
many  crystal  forms  with  the  same  chemical  composition  because  of  different  stacking 
orders  (see  Fig.  1-3)  [4].  This  phenomenon  is  called  "polytypism".  Each  crystal  structure 
is  called  "polytype". 
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OCD<QCQ<ODQ<C 


Figure  1-1.  Atomic  structure  of  SiC:  a)  tetrahedrally  bonded  Si-C+  cluster  b) 
Hexagonal  bilayer  with  Si  and  C  in  alternating  tetrahedrally  coordinated  sites. 


a)  3C-SiC 


b)  4H-SiC 


c)  6H-SiC 


Figure  1-2.  Crystal  structure  of  different  SiC  polytypes  displayed  parallel  to  the 
(1 120)  plane:  a)  Zinkblende  structure  (cubic  3C-SiC),  b)  hexagonal  4H-SiC  and 
c)  hexagonal  6H-SiC. 
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Figure  1-3  Stacking  order  of  different  SiC  polytypes:  (a)  3C-SiC,  (b)  4H-SiC  and  (c)  6H-SiC. 
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Among  more  than  200  polytypes,  the  cubic  (3C-)  and  hexagonal  (4H-  and  6H-) 
SiC  are  the  most  stable  and  common  polytypes  for  device  fabrication.  Compared  to  4H- 
and  6H-SiC  epitaxial  films,  the  3C-SiC  has  the  highest  reported  electron  mobility.  Table 
1-1  gives  a  comparison  of  the  properties  of  typical  SiC  polytypes,  Si,  GaAs  and  GaN  151 . 


Table  1-1.  Properties  of  typical  SiC  polytypes  and  Si,  GaAs,  GaN 


Property 

3C-SiC  (6H-SiC) 

GaAs 

Si 

Diamond 

Melting  Point  (°C) 

Sublimes  at  1 825 

1238 

1415 

Phase  Change 

Max.  Operating  Temp.  (°C) 

873  (1240) 

460 

300 

1100 

Thermal  Conductivity  (W/cm  °C) 

4.9 

0.5 

1.5 

20 

Thermal  Expansion  Coeff.  (*10‘6  °C‘1) 

3.8  (4.2) 

6.9 

2.6 

Young's  Modulus  (GPa) 

448 

75 

190 

1035 

Physical  Stability 

Excellent 

Fair 

Good 

Fair 

Energy  Gap  (eY) 

2.2  (2.9) 

1.42 

1.12 

5.5 

Electron  Mobility  (cm  /V  s) 

1000  (500) 

8500 

1350 

2200 

Hole  Mobility  (cnr/V  s) 

40  (50) 

400 

600 

1600 

Sat.  Electron  Drift  Velocity  (*107  cm/s) 

2.5  (2) 

2 

1 

2.7 

Breakdown  Voltage  (*107  cm/s) 

3  (4-6) 

0.4 

0.3 

10 

Dielectric  Constant 

9.7 

13.2 

11.9 

5.5 

Lattice  constant  (A) 

4.36 

5.65 

5.43 

3.6 

The  biggest  problem  with  the  commercialization  of  SiC  is  the  high  cost  and 
limited  availability  of  bulk  substrate.  6H  and  4H  bulk  substrates  for  SiC  are  now 
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available,  but  their  quality  is  still  far  from  optimized.  In  December  2000,  Hoya 
Corporation  in  Japan  announced  its  first  success  in  fabricating  large  monocrystal  3C-SiC 
substrates  (up  to  6"  and  at  least  200  pm  thick  after  removal  of  the  Si  base  layer).  But  so 
far  this  3C-SiC  substrate  is  still  not  quite  marketable.  As  a  result,  a  lot  of  work  is 
focusing  on  the  synthesis  of  SiC  in  film-form  on  various  substrates.  From  low-cost  point 
of  view,  among  3C,  4H  and  6H  polytypes,  heteroepitaxial  growth  of  3C-SiC  films  needs 
lowest  growth  temperature,  in  other  words,  lowest  energy  consumption,  via  chemical 
vapor  deposition. 

1.2  SiC  on  Insulating  Substrates  —  SiCOI  Structures 

MEMS  applications  require  that  large-area  uniform  SiC  films  is  formed  on 
insulating  or  sacrificial  layers  [6]’ 171 .  Also  the  need  for  SiC  on  insulator  structures  is  great, 
which  has  motivated  researchers  to  borrow  from  SOI  fabrication  techniques  in  order  to 
produce  SiC-on- insulator  substrates  [S|.  The  term  “SiCOI”  stands  for  Silicon  Carbide  on 
Insulating  layers,  which  can  be  amorphous  SpN^  Si02  or  other  oxide  layers,  or  insulating 
substrates,  which  can  be  single-crystalline  sapphire,  high-temperature  glass,  or  quartz.  It 
usually  represents  a  multi-layered  structure.  Fig.  1-4  shows  a  schematic  of  two  kinds  of 
SiCOI  structures. 


(a) 


(b) 


Figure  1-4.  Schematic  of 
SiCOI  structures:  (a)  SiC 
on  insulating  layer,  (b)  SiC 
on  insulating  substrate. 


SiC  thin-film 
Insulating  layer  (S13N4. . .) 


Insulating  substrate 
(Sapphire,  glass,  quartz...) 


SiC  thin-film 


Si  substrate  (00) 
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The  most  important  properties  of  insulating  substrates  are  their  thermal  expansion 
coefficient  and  thermal  softening  point.  They  must  be  suitable  for  the  conformal  growth 
of  SiC  with  small  mismatch  in  thermal  mechanical  properties.  Their  high  Young’s 
modulus  and  high  DC  resistivity  are  also  required  to  ensure  the  capability  of  device 
operating  in  harsh  environment.  Table  1-2  shows  the  comparison  of  some  properties  of 


Table  1-2.  Typical  physical  properties  of  LPCVD  SfNzt,  [9]’  [101,  [11]  Coming  1737F  glass 
substrate, [12]  quartz, [11]’ 1131  sapphire  [0001]  substrate, [14],[15]  and3C-SiC.  [5],[16] 


Material  property 

Si3N4 

(LPCVD) 

Corning 

1737F  glass 

Quartz 

Sapphire 

[0001] 

3C-SiC 

Density  (g/cm3) 

3.17 

2.54 

2.2 

3.98 

3.166 

Energy  band-gap  (eV) 

-  5.0 

-9.0 

9.0 

9.0 

2.3 

Maximum  operating 

temperature  (°C) 

1000 

666 

softening  at  975 

1120 

-  1800 

873 

Thermal  expansion 

coefficient  (*10'6/°C) 

2.8 

3.76  (0-300  °C) 

4.2  (25-671  °C) 

0.55 

6.66  ( ||  C) 

5(1C) 

3.8 

Thermal  conductivity 

(W/cm-°C) 

-0.02 

-2.4 

0.014 

-0.42 

4.9 

Dielectric  constant 

-7 

5.7 

3.75 

9.4  (  ±  C) 

11.6  ( ||  C) 

9.7 

Index  of  refraction 

2.15-2.30 

1.515 

1.46 

1.76 

2.6 

Young’s  modulus  (GPa) 

270 

-8 

72 

400 

448 

DC  resistivity  (?  -cm) 

1014  at  25  °C 

2xl013  at  500°C 

-  5.6  x  106 

RT  to  300  °C 

7x  107 

at  350°C 

1016  at  25  °C 

1011  at  500°C 

0.01-100 
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low-pressure  (LP)  CVD  Si3N4,  Coming  1737F  glass  substrate,  quartz,  single -crystalline 
sapphire,  and  3C-SiC.  Compared  to  Corning  1737F  glass  substrate,  LPCVD  S13N4  and 
sapphire  [0001]  substrates  have  much  higher  maximum  operating  temperature.  Compared 
to  quartz  substrate,  they  have  smaller  mismatch  in  thermal  expansion  coefficient.  They 
also  possess  higher  Young’s  modulus  and  higher  DC  resistivity  than  Coming  1737  glass 
and  quartz  substrates.  Therefore,  LPCVD  SfN4  and  sapphire  [0001]  substrates  are  more 
suitable  for  the  fabrication  of  SiCOI  structures. 

SiC  is  considered  to  be  a  promising  material  for  sensors,  such  as  pressure, 
temperature,  UV,  and  infrared  sensors.  When  SiC  is  used  as  a  sensor  material,  it  provides 
the  advantages  of  a  large  operating-temperature  range  and  small  thermal  fluctuation  due 
to  its  high  thermal  conductivity.  SiC  is  also  mechanically  and  chemically  stable,  so  it  can 
be  used  in  the  manufacture  of  sensors  for  use  in  extreme  environments,  such  as  high- 
temperature  or  corrosive  environment. 

Poly-  or  single-crystalline  3C-SiC  films  are  being  used  for  the  fabrication  of 
surface-micromachined  MEMS.  In  contrast  to  Si,  the  dominant  material  nowadays,  3C- 
SiC  has  excellent  mechanical  hardness  and  electrical  stability  at  temperature  above  600°C 
[17],  making  it  suitable  for  high  temperature  MEMS  devices.  Because  the  diameter  of 
commercially  available  SiC  substrates  is  at  maximum  3?  1181  and  their  cost  is  extremely 
high,  heteroepitaxial  SiC  on  foreign  substrate  with  large  area  is  very  interesting  and 
promising  for  subsequent  device  fabrication.  With  regards  to  single-crystalline  3C-SiC, 
the  problem  that  still  remains  is  how  to  obtain  buffer  layers  of  good  enough  quality  to 
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achieve  heteroepitaxial  growth  with  low  defect  density  [191,  [20].  Polycrystalline  SiC  can  be 
deposited  on  a  variety  of  substrates,  including  nitride  and  native  or  thermal  oxide  layers, 
such  as  ShN4  and  SiC>2  that  can  be  selectively  etched  away  during  device  fabrication  to 
obtain  free  standing  membranes  [17]  or  cantilever  beams. 

Since  many  suitable  insulating  substrates  have  amorphous  or  polycrystal 
structures,  the  direct  growth  of  single-crystalline  SiC  thin  fdm  on  such  substrates  is  very 
complex  and  uneconomic.  On  the  other  hand,  the  ease  of  deposition  and  the  ability  to 
deposit  amorphous  or  polycrystalline  SiC  thin  film  on  many  different  substrates  make  it 
very  attractive  for  many  MEMS  applications,  particularly  in  connection  with  surface 
micro -machining  fabrication  techniques  [8].  As  reported,  SiC  has  been  deposited  by 
plasma-enhanced  (PE)  CVD,  sputtering,  and  electron  beam  evaporation  at  substrate 
temperatures  ranging  from  200°C  to  1000°C  [21]’  [22]’  [23].  These  films  are  either 
amorphous,  as  in  the  case  of  low  temperature  PECVD,  or  polycrystalline  with  a  low 
degree  of  texture  and  a  temperature  dependence  to  the  distribution  of  grain  orientations. 
Atmospheric -pressure  (AP)  CVD  and  LPCVD  processes  have  also  been  used  to  deposit 
poly-SiC  on  electrically  insulating  substrates  |61'  181 .  APCVD  and  LPCVD  techniques  do 
not  place  limits  on  substrate  size,  and  thus  are  well  suited  for  producing  ploy-SiC  films 
for  batch  processing. 

13.  Chemical  Vapor  Deposition  (CVD) 

Chemical  Vapor  Deposition  (CVD)  is  a  materials  synthesis  process  wherein  one 
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or  more  gaseous  precursors  flowing  over  a  heated  solid  surface  can  decompose  or  react  to 
deposit  as  a  solid  film  on  a  solid  substrate.  In  other  word,  CVD  is  a  thin-film  formation 
technique  that  is  easy  to  scale  up  and  is  widely  used  by  industry.  For  example,  if  silane 
(SiFLt)  is  one  such  gas  phase  precursor,  the  silane  molecules  can  hit  the  solid  surface. 
Some  of  the  silane  molecules  might  be  reflected  back  while  others  may  be  adsorbed  on 
the  surface.  The  adsorbed  molecules,  if  supplied  the  right  amount  of  energy,  may 
decompose  into  Si  and  H2  with  the  latter  returning  to  the  gas  phase.  The  Si  that  is  left 
behind  can  build  up  as  a  solid  thin- film.  Table  1-3  shows  the  comparison  of  CVD  and 
other  thin-film  growth  techniques. 


Table  1-3.  Comparison  of  CVD  and  other  thin-film  growth  techniques 


Advantages  of  CVD  over  other  techniques: 

Disadvantages: 

1 .  Thin  and  thick  films  of  materials  can  be 
obtained  well  below  their  melting  or 
decomposition  temperature. 

2.  It  is  possible  to  obtain  materials  with 
extremely  low  impurity  contents. 

3.  The  growth  rate  can  be  varied  over  a 
wide  range. 

4.  There  are  numerous  reactant  gases  to 
choose  from. 

5.  It  is  possible  to  deposit  on  a  number  of 
different  substrates. 

6.  It  is  possible  to  obtain  an  extremely  clean 
starting  surface  by  in- situ  etching  the 
substrate  prior  to  deposition. 

1 .  It  is  necessary  to  optimize  a  large 
number  of  parameters  that  can  affect 
the  quality  of  the  deposited  material. 

2.  The  gases  used  can  be  flammable, 
corrosive,  and  toxic.  Precautions  need 
to  be  taken  to  ensure  safe  handling. 

3.  The  substrate  temperatures  are  higher 
than  PVD  (such  as  MBE  technique) 
or  some  other  techniques. 

The  chemical  reaction  of  the  gases  can  take  place  either  as  a  heterogeneous 
reaction,  which  is  close  to  the  heated  substrate  surface;  or  as  a  homogeneous  reaction, 
which  means  that  the  reaction  is  in  the  gas  phase.  The  former  is  desirable  since  it  leads  to 
the  production  of  good  quality  films.  The  latter  can  lead  to  clusters  of  the  deposited 
material  dropping  on  sample  surface,  which  results  in  bad  quality  films  with  poor  film 
adhesion. 

The  process  of  chemical  vapor  deposition  consists  of  several  steps: 

1.  Transport  of  the  gaseous  species  to  the  substrate  surface  through  the  boundary  layer, 
(Reactants  diffuse  to  surface) 

2.  Adsorption/Chemisorption  of  some  of  the  molecules  on  the  substrate  surface, 

3.  Heterogeneous  reaction  on  the  substrate  surface  (or  Surface  reaction  to  form  final 
product  or  intermediate  species), 

4.  Surface  diffusion  to  form  islands  or  clusters, 

5.  Desorption  of  the  reaction  by-products  from  substrate  surface  (or  Diffusion  of  by¬ 
products  away  from  surface), 

6.  Transport  of  the  by-products  through  the  boundary  layer  back  to  the  gas  phase  and 
subsequent  removal. 

The  slowest  of  these  becomes  the  rate-limiting  step.  At  low  temperatures,  the 
decomposition  of  the  gaseous  precursors  or  the  rate  of  reaction  on  the  substrate  surface  is 
usually  lower  than  the  reactant  species  to  the  surface.  In  this  case,  the  deposition  or  the 
rate  of  reaction  becomes  the  rate-limiting  step  and  the  reaction  is  kinetically  controlled. 


9 


At  high  temperatures,  the  reactant  species  decompose  and  react  as  soon  as  they  reach  the 
substrate  surface  as  a  result  of  which  the  transport  of  species  becomes  the  rate-limiting 
step.  The  deposition  is  now  called  to  be  mass-transport  limited  or  diffusion-controlled. 

The  gas  molecules  decompose  close  to  the  heated  surface  and  are  transported  to 
the  substrate.  They  are  adsorbed  by  weak  van  der  Waals  forces  and  then  diffuse  on  the 
surface  until  they  reach  the  sites  where  they  can  strongly  bond  to  the  substrate  lattice  by 
chemisorption.  It  has  been  shown  that  islands  are  obtained  when  a  material  with  higher 
surface  energy  is  grown  on  a  substrate,  which  leads  to  subsequent  three-dimensional 
growth.  On  the  other  hand,  if  the  film  being  grown  has  a  lower  surface  energy  than  the 
substrate,  layer  by  layer  (two-dimensional)  growth  can  be  achieved. 

CVD  has  been  widely  used  for  heteroepitaxial  and  homoepotaxial  growth  of  SiC 
thin- films  on  foreign  and  SiC  substrates.  There  are  two  types  of  pressure  dependent  CVD 
processes,  APCVD  and  LPCVD.  Both  of  them  have  all  been  used  for  various 
applications.  In  general,  APCVD  is  controlled  by  the  rate  of  mass  transport  to  the  wafer, 
while  LPCVD  is  controlled  by  the  reaction  rate  at  the  sample  surface.  APCVD  usually 
gives  fast  deposition  rate  but  poor  step  coverage  and  contamination.  1241  The  deposition 
rate  of  APCVD  is  also  insensitive  to  small  variations  in  temperature.  1251  Compared  to 
APCVD,  LPCVD  has  lower  deposition  rate  but  provides  higher  film  uniformity  and 
lower  contamination  level,  which  is  good  for  depositing  thinner  films.  The  tradeoff  to  use 
LPCVD  is  that  the  high  temperatures  are  required  to  get  significant  deposition  rate.  1261 
The  deposition  rate  of  LPCVD  is  also  more  sensitive  to  temperature  variations  than 
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APCVD.  Therefore,  for  the  growth  of  thin-films  (a  couple  of  |im )  with  high  uniformity 
and  low  contamination  level,  an  LPCVD  system  is  more  suitable  than  an  APCVD 
system. 

1.4  Inductively  Coupled  Plasma  (ICP)  Etching 

There  are  a  wide  variety  of  device  structures  that  have  been  fabricated  in  SiC, 
such  as  p-n  junction  and  Schottky  barrier  diodes,  bipolar  junction  transistors  (BJTs), 
thyristors,  metal-semiconductor  field  effect  transistors  (MESFETs),  micro-sensors,  and 
various  optoelectronic  and  MEMS  devices  [2?l.  In  all  of  these  structures,  the  etching 
processes  play  the  key  role  in  achieving  pattern  transfer  capability.  Due  to  its  chemical 
inertness,  there  is  virtually  no  chemical  etch  that  can  attack  SiC  at  room  temperature. 
Chemical  etching  can  proceed  only  at  high  temperatures:  in  molten  salts  (Na202,  NaOH, 
KOH,  etc.  at  500  °C),  and  in  a  flow  of  chlorine,  chlorine-contained  gases,  and  hydrogen 
(at  >  1000  °C) [27].  At  such  high  temperatures,  the  use  of  conventional  photoresist,  oxide, 
and  metal  masks  is  impossible.  The  main  requirements  of  the  etching  process  for  device 
fabrication  are  as  follows:  (i)  low  temperatures,  (ii)  high  quality  of  the  surface  treatment, 
(iii)  high  selectivity  of  etching  with  respect  to  the  mask  materials,  and  (iv)  high  resolution 
and  anisotropy.  To  date,  plasma  etching  is  the  most  promising  method  for  etching  SiC. 

Compared  to  ion  milling,  reactive  ion  etching  (RIE),  electron-cyclotron  resonance 
(ECR)  etching,  inductively  coupled  plasma  (ICP)  etching  offers  an  attractive  alternative 
dry  etching  technique.  As  a  common  recognition,  ICP  sources  are  very  promising  for 
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large  area,  high  ion  density  etching  process.  Fig.  1-5  shows  a  schematic  of  ICP  process 
chamber.  ICP  plasmas  are  formed  in  a  dielectric  vessel  encircled  by  inductive  coil  into 
which  RF-power  is  applied.  A  strong  magnetic  field  is  induced  in  the  center  of  the 
chamber,  which  generates  high-density  plasma  due  to  the  circular  region  of  the  electric 
field  that  exists  concentric  to  the  coil.  Under  the  etching  condition  at  low  pressure  (=  20 
mTorr),  the  plasma  diffuses  from  the  generation  region  and  drifts  to  the  substrate  at 
relatively  low  ion  energy  (<25 
eV  for  Plasma  Therm  790 
Series).  Thus  ICP  etching  is 
expected  to  produce  low 
damage  while  achieving  high 
etching  rate.  In  the  mean  time, 
anisotropic  profiles  are 
obtained  by  superimposing  an 
RF-bias  on  the  sample  to 
independently  control  the  ion 
energy. 


Gas  distribution 


Figure  1-5.  A  schematic  of  ICP  process  chamber. 


The  principle  of  the  ICP  source  operation  is  that  the  electrical  field  produced  by 
the  coils  in  the  horizontal  plane  induces  an  oscillating  magnetic  field  in  the  vertical  plane, 
trapping  electrons  and  producing  high  ionization  and  excitation  efficiencies  without 
leaking  the  electrons  to  the  chamber  wall.  Therefore,  as  in  an  ICP  source,  the  ion  density 
is  high  while  the  induced  self-bias  on  the  cathode  is  low. 
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As  shown  in  Fig.  1-5,  a  typical  ICP  system  (Plasma  Therm  790  series)  has  an  RF 
power  source  operating  at  2  MHz.  The  2  MHz  power  is  inductively  coupled  into  the 
plasma  volume  to  create  a  high  ion  density  (=10  cm' )  discharge.  A  second  RF  power 
supply  (13.56  MHz)  is  used  to  control  the  ion  energy.  This  is  a  prototypical  single-wafer, 
high-density  system,  in  which  there  is  separate  control  of  ion  density  (via  the  ICP  power) 
and  ion  energy  (via  biasing  of  the  sample  position).  The  details  about  effects  of  process 
parameters  on  etch  results  will  be  addressed  in  Chapter  3. 

1.5  SiC  for  MEMS  and  Sensors  Operating  in  Harsh  Environments 

Many  measurement  and  control  applications  that  require  micro-sensor  and  micro¬ 
actuator  technologies  are  in  the  presence  of  harsh  environments.  Harsh  environments 
include  locations  of  high  temperatures,  intense  vibrations,  corrosive  flows.  Application 
fields  characterized  by  harsh  environments  include  aerospace,  micro -propulsion, 
automotive,  turbo-machinery,  oil  well/logging  equipment,  industrial  process  control, 
nuclear  power,  and  communication.  For  example,  optimized  engine  performance  in 
aerospace  and  automotive  systems  requires  a  stable,  high-temperature  material,  such  as 
SiC,  for  solid-state  sensors  and  electronics.  The  ability  to  deposit  large  area  SiC  thin- 
films  on  many  different  insulating  substrates  make  the  SiCOI  structures  fairly  attractive 
for  low-cost,  robust,  high-temperature  applications  in  harsh  environments. 

A  main  focus  area  for  SiC  MEMS  has  been  SiC  sensor  systems  for  combustion 
systems  or  gas  turbine  engines.  To  meet  the  efficiency,  emissions,  cost,  and  safety  goals 
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set  by  military  and  commercial  customers,  the  next  generation  of  gas  turbine  designs 
require  instrumentation  in  or  near  the  hot-gas  flow  path,  which  must  operate  above  350 
°C  181 .  Sensors  are  needed  for  turbine  development  testing  and  in-flight  service  in  order  to 
measure  combustor  liner  temperature,  rotor  and  stator  metal  temperatures,  internal 
cooling  temperatures,  steady-state  and  transient  cooling  flow  and  temperature,  pressure 
and  rate  of  change  of  pressure,  hot  gas  path  leakage,  and  coolant  leakage.  Conversion  of 
electronic  control  and  sensor  systems  from  Si  to  SiC-based  devices  will  not  only  increase 
efficiency  and  safety  through  enabling  instrumentation  by  also  reduce  the  overall  weight 
of  an  aircraft  by  eliminating  the  packaging  wiring  and  connectors  necessary  to  line  sensor 
systems  with  control  electronics.  This  reduction  would  directly  translate  to  increased 
range  and  lower  fuel  costs. 

Most  of  the  high-temperature  sensors  needed  for  gas  turbine  engines  will  find 
application  areas  in  rocket  technology  to  monitor  combustion  temperature,  pressure,  and 
by-products.  Gas  sensors  sensitive  to  hydrogen  are  required  for  launch  pad  and  in-flight 
safety  systems,  and  gas  sensors  for  hydrocarbon  and  CO2  are  needed  for  monitoring  the 
condition  of  the  cabin  atmosphere  in  manned  spacecraft.  These  sensor  systems  can  be 
fabricated  based  on  SiC  technology. 

SiC-based  MEMS  devices  will  benefit  manned  and  unmanned  spacecraft  as  well. 
Currently,  unmanned  spacecraft  require  thermal  radiators  to  dissipate  heat  generated  by 
on-board  Si-based  electronics.  Implementation  of  SiC-based  electronic  systems,  which 
can  operate  at  temperatures  above  350  °C,  will  eliminate  the  need  for  thermal  radiators, 
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thus  reducing  the  overall  weight  of  the  spacecraft.  Additionally,  SiC  electronics  and 
sensors  are  much  less  susceptible  to  radiation  damage  than  their  Si  counterparts,  thereby 
reducing  the  need  for  radiation  shielding  and,  as  a  result,  the  spacecraft  weight.  Reduced 
spacecraft  weight,  and  increased  operating  temperature  and  radiation  resistance  of  on¬ 
board  electronics  and  sensor  systems,  will  dramatically  increase  the  functionality  of 
unmanned  spacecraft,  allowing  them  to  more  aggressively  probe  harsh  planetary 
environments.  Communication  satellites  will  have  extended  operating  lifetimes  and  the 
ability  to  carry  more  critical  on-board  electronic  systems  181 . 

A  family  of  high  temperature  SiC  electronics  and  sensors  that  could  function  in 
hot  areas  of  the  aircraft  would  alleviate  the  above-mentioned  technical  obstacles  to  enable 
substantial  aircraft  performance  gains.  The  NASA  Glenn  Chemical  Species  Gas  Sensor 
team  has  been  developing  SiC-based  high  temperature  gas  sensors  for  aerospace 
applications.  Based  on  their  research,  they  concluded  that  1281  (1)  un-cooled  operation  of 
300  -  600  °C  SiC  electronics  and  sensors  mounted  would  save  weight  and  increase 
reliability  by  replacing  hydraulic  controls  with  "smart"  electromechanical  controls;  (2) 
SiC-based  distributed  control  electronics  would  eliminate  90%  of  the  wiring  and 
connectors  needed  in  conventional  sheltered-electronic  aircaft  control  systems;  (3)  Even 
in  non-hot  areas  of  an  aircraft,  SiC  electronics  would  enable  the  elimination  of  electronics 
cooling  systems,  such  as  the  liquid  cooling  system  employed  in  the  air  fighters,  which 
add  weight  and  reduce  operational  reliability  of  high-performance  aircraft;  (4)  SiC 
electronics  and  sensors  offer  similar  improvements  to  commercial  jetliners,  where 
increased  fuel  efficiency,  weight  savings,  and  reduced  pollution  carry  particularly  large 
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economic  and  environmental  payoffs  over  an  aircrafts  multi-decade  operational  lifetime. 
Therefore,  the  use  of  advanced  SiC  control  electronics  would  allow  the  aircraft  to  shed 
hundreds  of  pounds  of  weight,  operate  with  increased  capabilities  and  fuel  efficiency,  and 
operate  more  reliably  with  less  maintenance  and  downtimes.  It  has  been  speculated  that 
the  economic  savings  value  will  be  in  the  millions  of  dollars  per  aircraft. 
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CHAPTER  2.  OBJECTIVES 


The  thrust  of  this  project  is  in  four  directions: 

1.  To  optimize  the  growth  conditions  of  SiC  thin-films  on  several  insulating  layers  or 
substrates  for  different  MEMS  applications. 

SiC  grown  on  different  insulators,  such  as  SijN^  Coming  1737  glass,  quartz,  and 
sapphire,  suffers  a  large  lattice  mismatch  and  thermal  mismatch,  which  result  in  stress 
in  the  SiC  films.  Although  post-annealing  may  help  to  release  the  stress,  the 
optimized  growth  conditions  are  required  to  minimize  the  effects  of  these  differences 
on  the  film  quality.  Depending  on  the  substrate  properties  and  different  device 
purposes,  the  optimized  SiC  growth  conditions  will  be  developed  using  an  LPCVD 
system.  In  order  to  avoid  the  peeled  and/or  cracked  film  during  the  growth,  the 
thickness  of  SiC  thin-film  has  to  be  taken  into  account  at  the  device  design  stage. 
According  to  the  different  MEMS  applications,  0.5  to  3  |im  thick  SiC  films  are 
needed  for  device  fabrication  in  this  research. 

2.  To  study  the  in-situ  N2  doping  effect  on  the  electrical  properties  of  SiC  films  grown 
on  amorphous,  insulating  SfN4  layer. 

As  a  wide  band  gap  semiconductor,  the  electrical  properties  of  SiC,  which  can  be 
controlled  by  introducing  various  dopants  with  expected  doping  concentration,  are  the 
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most  important  issues  to  be  considered  during  the  device  design.  Among  many 
dopants  and  different  doping  processes,  in-situ  N2  doping  of  SiC  fdms  by  chemical 
vapor  deposition  is  the  most  convenient  and  effective  way  to  achieve  the  goal.  To 
date,  most  attention  has  been  paid  on  the  study  of  electrical  properties  of  single 
crystal  SiC.  For  many  MEMS  applications,  single -crystal  4H-,  6H-,  and  3C-SiC  thin- 
films  are  not  suitable  to  be  directly  deposited  on  a  wide  variety  of  insulating 
substrates  or  sacrificial  layers.  In  this  study,  we  need  first  to  demonstrate  the 
controllability  of  sheet  resistance  and  resistivity  of  poly-SiC  thin-films  grown  on 
insulating  substrates.  If  successful,  this  approach  will  explore  a  new  practical  process 
to  yield  SiCOI  substrates  that  can  be  of  the  same  size  as  commercially  available  SOI 
substrates  for  the  applications  in  electrically  controlled  MEMS  devices.  The  results 
from  our  study  should  pave  the  way  in  determining  the  viability  of  this  concept. 

3.  To  study  the  ICP  etching  of  the  SiC  thin-films  grown  on  insulators  in  NF3  and  CT 
with  Argon  gaseous  mixtures. 

To  fabricate  SiC -based  MEMS  devices,  selective  etching  is  required  to  pattern  the 
SiC  fdms  into  the  desired  structural  shapes.  The  absence  of  practical  wet  chemical 
etches  for  SiC  has  focused  attention  on  the  development  of  dry  etching  for  device 
fabrication.  Among  plasma  dry  etching  processes,  ICP  etching  of  single -crystal  SiC 
in  fluorine  based  chemicals  is  the  most  effective  way  to  achieve  high  etch  rate  and 
low  surface  damage.  The  same  technique  can  be  used  on  ICP  etching  of  poly-SiC 
grown  on  insulators.  In  this  research,  we  will  use  the  ICP  Therm-790  system  with 
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NF3/Ar  or  Cb/Ar  gaseous  mixtures  to  develop  the  new  patterning  process  for  the 
fabrication  of  SiCOI-based  MEMS  devices.  Since  the  structural  density  and  bond 
strength  of  poly-SiC  is  supposed  not  to  be  the  same  as  those  of  any  polytype  of 
single-crystal  SiC,  an  initial  effort  to  discover  the  opportunity  for  CI2  as  an 
alternatively  plasma  chemistry  for  ICP  etching  of  SiC  will  be  conducted.  The  new 
processes  for  poly-SiC  etches  should  differ  to  those  for  fabricating  single-crystal  SiC- 
based  devices,  in  terms  of  power  consumption  and  etch  yields  under  certain 
conditions. 

4.  To  explore  the  possibility  of  creating  a  fiber-optic  temperature  sensor  by  using  poly- 
SiC  thin-film  Fabry-Perot  interferometer  grown  on  insulating  transparent  substrate. 

The  application  of  fiber-optic  technologies  to  the  measurement  of  physical 
parameters  can  alleviate  many  of  the  problems  that  are  encountered  when  using 
electrical  sensors.  [11,  121  The  greatest  advantage  is  obtained  when  electrically  passive 
optical  sensors  are  connected  solely  by  fibers  to  their  opto-electronic  interfaces, 
which  can  be  located  in  benign  environments  remote  from  the  hostile  measurement 
sites.  [31  Combining  both  advantages  of  fiber-optic  technologies  and  robustness  of 
SiC,  it  is  very  promising  to  create  a  SiC -based  fiber-optic  temperature  sensor  that  can 
function  well  at  harsh  environment.  The  wide  energy  bandgap  of  SiC  makes  it 
visually  transparent  so  that  a  light  source  in  the  range  of  visible  wavelength  can  be 
used  as  the  luminance  source  for  the  sensor  operation.  As  a  comparison,  Si-based  one 
has  to  operate  with  a  light  source  in  infrared  wavelength  range,  which  is  more 
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expansive  and  needs  an  extra  IR  protection  during  the  operation,  due  to  its  much 
narrow  energy  bandgap.  The  initial  experimental  results  will  also  show  the  larger 
operating  temperature  range  of  SiC -based  temperature  sensor  than  that  of  Si-based 
one. 


The  overall  experiment  designed  for  this  project  is  summarized  in  Fig.  2-1. 


Figure  2-1.  Processing  flow  chart  designed  for  the  fabrication  of  SiC  fdms 
on  insulators  for  robust  MEMS  applications. 
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CHAPTER  3.  LITERATURE  REVIEW 


SiC  is  probably  the  first  semiconductor  ever  to  be  discovered.  The  substance  was 
first  reported  in  1824  by  a  Swede,  Jacob  Berzelius.  It  does  not  appear  to  occur  naturally 
on  earth  but  has  been  identified  in  meteorites.  So  far,  more  than  200  polytypes  of  SiC 
have  been  discovered.  The  main  polytypes  of  interest  are  3C,  2H,  4H,  6H,  and  15R. 

With  the  development  of  the  electric  smelting  furnace,  it  became  possible  to  grow 
crystals  and  around  1885,  Acheson  grew  a  crystal  and  recognized  it  as  a  silicide  of 
carbon,  which  these  days  is  known  by  convention  as  carbide  of  silicon  -  silicon  carbide 
(SiC).  The  first  light  emitting  diode  operation  was  discovered  in  SiC  way  back  in  1907. 
The  major  development  in  SiC  took  place  nearly  70  years  later  when,  in  1955,  Lely 
proposed  a  new  method,  based  on  the  sublimation  of  SiC,  for  growing  high  quality  bulk 
crystals.  In  the  1970s,  Y.  Tairov  and  colleagues  at  the  Saint-Petersburg  University 
modified  the  Lely  process  by  using  a  seed  crystal  for  SiC  growth.  This  “Modified  Lely 
process”,  as  shown  in  Fig.  3-1,  is  now  the  main  technique  for  SiC  bulk  crystal  growth 
worldwide. 


crystal 


1 


vapor 


SiC  source 
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Figure  3-1.  SiC  growth  techniques:  (a)Lely,  (b)Modified  Lely  (old),  (c)Modified  Lely  (new) 
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3.1  Growth  of  SiC  Thin  Film  on  Insulators 


Growth  of  bulk  single  crystal  SiC  is  difficult  because  the  processing  temperature 
is  required  to  be  greater  than  1800  °C.  As  a  result,  growth-ffom-melt  techniques  (such  as 
those  used  for  Si  or  GaAs)  are  not  applicable.  Meanwhile,  although  it  is  possible  to 
obtain  both  p  and  n-type,  semi-insulating  substrates  are  presently  not  commercially 
available.  Moreover,  the  size  of  SiC  wafers  is  limited  to  less  than  three  inches  and  their 
quality  still  needs  a  lot  of  improvement  for  device  fabrication.  A  major  problem  is  the 
presence  of  defects  called  micropipes.  Furthermore,  their  highly  prohibitive  cost  is 
another  problem.  For  example,  a  single  three  inch  6H-SiC  wafer  can  cost  more  than 
$3,000  and  a  single  two  inch  6H-SiC  wafer  is  at  least  $700.  These  promote  the 
investigation  on  epitaxial  growth  of  SiC  thin-films  on  foreign  substrates. 

Thin-films  of  various  polytypes  of  SiC  have  been  grown  on  different  substrates, 
such  as  a-SiC,  sapphire,  Si,  and  quartz.  The  technique  of  choice  is  invariably  chemical 
vapor  deposition  (CVD),  although  other  techniques  such  as  sputtering,  laser  ablation,  and 
MBE,  have  also  been  used.  CVD  is  also  the  best  way  for  conformal  growth  on  three- 
dimensional  (3D)  structures.  Comparing  with  other  polytypes  of  interest,  growth  of  3C- 
SiC  thin-film  requires  the  lowest  growth  temperature  by  LPCVD  or  APCVD.  3C-SiC 
grown  on  Si  is  now  available  commercially.  But,  this  material  suffers  from  a  large 
number  of  defects  which  arise  primarily  due  to  the  large  lattice  mismatch  (~  20%)  and 
their  large  thermal  expansion  coefficient  mismatch  (~  50%)  between  SiC  and  Si. 
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3.1.1  Chemical  vapor  deposition  (CVD) 


Chemical  vapor  deposition  (CVD)  is  a  very  important  thin-film  deposition 
technique  in  the  microelectronics  industry  and  other  industries  that  make  use  of  thin-film 
coatings.  111  The  CVD  process  includes  precursor  transport,  chemical  reactions,  and 
surface  interactions.  There  are  two  limiting  cases  for  CVD:  the  high-pressure  and  low- 
pressure  CVD  processes.  For  the  high-pressure  CVD  process,  the  mean  free  path  of  the 
precursor  is  much  smaller  than  the  characteristic  length  of  the  surface  features.  In  other 
words,  the  Knudsen  number,  which  is  defined  as  the  ratio  of  the  mean  free  path  of  the 
precursor  to  the  characteristic  length  of  the  surface  features,  is  small.  Therefore  the  high- 
pressure  CVD  process  is  a  hydrodynamic  process.  For  low-pressure  CVD,  since  the  mean 
free  path  of  the  precursor  is  much  larger  than  the  characteristic  length  of  the  surface 
features,  the  process  can  be  described  by  ballistic  transport. [21 


Several  researchers  have  studied  surface  morphology  or  morphological  stability 
issues  for  the  small  Knudsen  number  case  (pressure  -10-760  Torr).  [3]’ |41’ [51,  [6]’ l?l’ 181  In 
these  studies,  gas  transport  was  taken  into  account  by  using  a  continuum  diffusion 
equation,  *  and  it  was  assumed  that  the  gas-film  interface  reaches  quasi-thermal 
equilibrium.  In  other  words,  the  effects  of  surface  diffusion,  gas  diffusion,  capillarity, 


*  Here,  the  model  assumes  a  two-dimensional  surface  described  by  a  height  function  h(r,t),  where  r ={x,y). 
We  denote  the  overall  flux  of  nth-order  particles  at  in-plane  position  r  at  time  t  by  Fn(r,t).  The  surface 
evolution  is  then  described  by  the  following  continuum  equation: 


-  =  W2h-K574h  +  Ju-  (V/*)2  +  [s0F0  (r ,t)  +  stFt  (r,t)  +  •••]+  r, »  where  y2/'  is  the  condensation/evaporation 
dt 

term,  -k V4h  is  the  surface  diffusion  term,  and  r|  is  the  noise  term.  For  more  details,  please  see  Ref.  1. 
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surface  reactions,  and  the  curvature  of  the  film  are  all  taken  into  account  in  the 
framework  of  continuum  theory.  Particularly,  Bales  et  al.  have  shown  theoretically  that, 
in  the  diffusion-limited  growth  regime,  the  surface  is  not  stable  and  has  a  fingerlike 
(column  tip)  morphology  in  the  fast  surface  kinetics  regime.  151  In  the  reaction-limited 
growth  regime,  the  surface  should,  theoretically,  exhibit  Kardar-Parisi-Zhang  (KPZ)  type 
growth,  [81,  191 ,  a  simplest  possible  interface  model  for  both  surface  tension  and  lateral 
growth,  but  so  far  there  has  been  no  experimental  evidence  to  support  this  claim.  This 
could  be  due  to  complications  caused  by  flow  transport. 

In  the  large-Knudsen-number  case,  i.e.,  the  LPCVD  process,  researchers  have 
used  the  idea  of  ballistic  transport  of  an  ideal  gas  to  study  trench  or  via  fdling  problems 
for  many  years.  I8]  !10]’!11]’!12].!13].!14].!15].!16]  jhey  have  shown  that,  since  the  Knudsen 
number  is  large,  collisions  of  precursors  within  the  trench  or  via  can  be  neglected.  This 
kind  of  line-of-sight  model  can  explain  very  well  the  features  observed  in  trench 
evolution,  although  the  details  of  the  model  may  vary.  However,  surface  morphological 
evolution  governed  by  this  kind  of  dynamics  has  only  recently  been  studied. 1171 

Thin-film  deposition  at  temperatures,  which  are  as  low  as  possible,  is  one  of  the 
key  technologies  for  next  generation  of  ultra-large  scale  integrated  circuit  (ULSI) 
fabrication.  |IS|  It  can  improve  the  device  performance  by  reducing  the  damage  and  stress 
during  the  deposition.  The  definition  and  processing  of  microelectronic  devices  have 
been  well  established.  The  main  challenge  is  to  grow  semiconductor  thin-fdms,  such  as 
SiC,  on  foreign  substrates  or  layers  with  reasonable  high  growth  rate,  good  surface 
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morphology  and  low  stress. 


3.1.2  SiC  thin- film  grown  on  insulators  by  CVD 

Historically,  research  in  SiC  growth  has  mainly  focused  on  heteroexpitaxy  of 
single  crystalline  3C-SiC  on  Si  substrate  and  homoepitaxy  of  hexagonal  polytypes  for 
electronic  device  applications  [191.  However,  SiC  has  shown  great  promise  as  a 
micromechanical  material  for  harsh  environments  because  of  its  excellent  electrical, 
chemical  and  mechanical  properties  1201 .  The  MEMS  applications  demand  that  large  area 
uniform  SiC  thin-fdms  on  structured  sacrificial  layers  such  as  SiC>2,  SCN4,  and  poly-Si 
for  batch  processing,  which  is  essential  in  making  SiC  MEMS  cost  competitive.  SiC>2, 
Si3N4,  poly-Si,  or  a  stack  of  these  films  can  be  easily  deposited  or  purchased 
commercially.  The  ability  to  directly  deposit  SiC  on  optically  transparent  substrates  also 
makes  SiC  very  attractive  for  fiber-optic  MEMS  applications. 

The  fabrication  of  such  SiC-on-insulator  (SiCOI)  structures  was  first  realized  on 
sapphire  substrates:  direct  deposition  on  sapphire  [21]’  [221,  SiC  deposition  on  Si  on 
sapphire  (SOS)  |23],  and  on  AIN  on  sapphire  [241,  and  SiC  growth  on  Si  followed  by 
removal  of  the  substrate  and  attachment  of  the  SiC  film  to  a  sapphire  substrate  |25].  The 
sapphire  substrate  approach  was  subsequently  followed  by  the  use  of  Si  substrates  to 
form  SiCOI  on  Si:  carbonization  of  Si  SOI  followed  by  SiC  growth  |26],  wafer  bonding 
I27!’ [28],  and  the  Smart-Cut  process  [29], [3G|. 
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The  fabrication  of  large  area  SiC  SOI  structures  is  most  practical  and  cost- 
effective  through  the  use  of  Si  substrates.  However,  the  techniques  developed  so  far,  SiC 
wafer  bonding  and  direct  carbonization  techniques,  still  present  some  difficult  processing 
issues.  SiC  wafer  bonding  is  prone  to  the  formation  of  air  bubbles  at  the  bonding 
interface  which  can  cause  SiC  layer  to  peel  off  during  the  etch-back  of  the  Si  substrate. 
The  high  temperature  (1300  °C)  used  in  direct  carbonization  of  Si  SOI  by  propane 
usually  damages  the  thin  Si  layer  due  to  H  etching  and  thermal  evaporation.  This  can 
expose  the  Si02  to  the  propane  ambient.  At  this  high  temperature,  Si02  dissociates  and 
the  bottom  Si  substrate  is  exposed  to  reaction  with  propane,  which  generates  voids  in  the 
Si  substrate. 

Direct  growth  of  SiC  on  Si02,  ST,N4,  and  poly-Si  by  CVD  is  an  attractive  process 
for  obtaining  large  area  SiC  on  sacrificial  and  insulating  layers.  Previously,  the  growth  of 
randomly  oriented  polycrystalline  SiC  on  SiC>2  and  SisN4  by  atmospheric  pressure  CVD 
from  the  SiH4/C3H8/H2  gas  system  has  been  reported. [311  By  using  tetramethylsilane  and 
low  pressure  CVD,  Rodriguez- Vieho  et  al.  reported  that  <11 1>  oriented  polycrystalline 
SiC  film  can  be  grown  on  SiC>2  [321  and  Kim  et  al.  reported  that  single  crystalline  SiC  can 
be  grown  on  Si3N4.  1331  In  this  study,  SiC  films  have  been  directly  grown  on  low-stress 
and  amorphous  Si3N4/Si,  poly-Si/SiC/Si3N4/Si,  Coming  1737F  glass,  quartz  and  single¬ 
crystal  sapphire  [0001]  substrates  for  robust  MEMS  and  high-temperature  fiber-optic 
applications.  The  details  will  be  addressed  in  the  following  chapters. 
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3.2  Planarization  of  SiC  Thin-Film 


The  planarization  of  surfaces  plays  a  key  role  in  the  micro-fabrication  of  SiC 
devices.  So  far,  post-processing  of  CVD  SiC  is  still  presenting  many  challenges  for  wafer 
surface  finishing  because  of  its  very  high  hardness,  which  is  second  only  to  diamond  [34], 
and  remarkable  chemical  inertness.  During  the  device  fabrication,  such  as  wafer  bonding, 
mask  layer  deposition  or  spin-on  coating,  surface  roughness  of  less  than  20  nm  with  good 
surface  flatness  and  morphology  is  required  for  a  reliable  bond  between  a  device  layer 
and  substrate,  two  device  layers,  or  a  mask  layer  and  a  device  layer. 

Existing  surface  polishing  techniques  can  be  categorized  as  purely  mechanical, 
chemo-mechanical,  or  etching.  Mechanical  polishing  of  SiC  wafers  primarily  uses 
diamond-polishing  compounds  mixed  with  water.  Chemical-Mechanical  Polishing 
(CMP)  combines  mechanical  polishing  with  chemical  etching  actions,  and  has  been 
shown  to  be  very  effective  and  can  achieve  very  high  smoothness  1351 .  However,  due  to 
the  chemical  inertness  of  SiC,  CMP  is  not  yet  available  to  improve  the  surface 
smoothness  of  SiC  to  the  level  adequate  for  direct  wafer  bonding.  Thus,  the  current 
planarization  technique  relies  mainly  on  mechanical  polishing  (lapping),  which  is  a 
tedious  process  and  currently  suffers  from  low  yields  due  to  the  wafer  bow  caused  by 
residual  stresses  in  SiC. 

3.3  Plasma  Etching  of  SiC 
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The  word  “plasma”  comes  from  the  Greek,  meaning  “something  molded”  1361 .  To 
the  physicist,  plasma  is  an  ionized  gas  with  equal  numbers  of  free  positive  and  negative 
charges.  The  free  charge  is  produced  by  the  passage  of  electric  current  through  the 
discharge.  For  most  plasma  of  interest  for  etching,  the  extent  of  ionization  is  very  small. 
Typically  there  is  only  one  charged  particle  per  100,000  to  1,000,000  neutral  atoms  and 
molecules.  The  positive  charge  is  mostly  in  the  form  of  singly  ionized  neutrals,  (i.e., 
atoms,  radicals  or  molecules)  from  which  a  single  electron  has  been  stripped  (removed). 
The  majority  of  negatively  charged  particles  are  usually  free  electrons,  although  in  very 
electronegative  gases  such  as  chlorine,  negative  ions  can  be  more  abundant. 


3.3.1  Basic  mechanism  of  plasma  etching 

In  a  plasma,  two  kinds  of  active  species  are  produced,  neutrals  and  ions.  Neutrals 
are  very  reactive,  on  the  other  hand  ions  are  usually  less  reactive  but  their  kinetic  energy 
can  be  controlled  by  substrate  bias.  The  schematic  of  the  different  etching  mechanisms  is 
shown  in  Fig.  3-2. 


1 .  Sputtering 

Positive  ions  are  accelerated  through  sheath  region  and  strike  the  substrate 
with  high  kinetic  energy  [3?l. 


.  (QE()f 
Max  %n2f2M 


(eV), 


where  Q  is  the  ionic  charge,  E0  represents  the  RF  field  (kV/cm),  M  is  the  mass  of  ion, 
and  /is  the  RF  frequency  (MHz). 
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Figure  3-2.  A  schematic  of  different  etching  mechanisms,  s,  n,  i,  and  e  represent  for 
atoms  at  sample  surface,  neutral  species,  ions,  and  electrons;  diff,  abs,  des,  acc  and  sput 
stand  for  diffusion,  absorption,  desorption,  acceleration  and  sputtering,  respectively. 


By  momentum  conservation  law,  some  of  this  energy  is  transferred  to  surface 
atoms  that  are  then  ejected,  leading  to  material  removal.  This  is  mechanical 
interaction  and  the  sputtering  rate  1381  is 

62.2*5*  j*W 
R= - - - , 

P 

where  s  is  etching  yield,  j  is  ion  flux  (mA/cm2),  W  is  atomic  weight  (g/mol)  and  p  is 
material  density  (g/cm3). 

Sputtering  is  unselective  etching  because  the  ion  energy  required  to  eject  material 
is  large  compared  to  differences  in  surface  bond  energies  and  chemical  reactivity. 
Due  to  the  biasing  voltage  applied  to  the  substrate,  the  flux  of  ions  is  vertical  and  this 
kind  of  etching  is  anisotropic. 
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2.  Chemical  reaction 


This  etching  comes  about  when  active  species  (neutral)  from  the  gas  phase  are 
absorbed  in  the  surface  material  and  react  with  it  to  form  a  volatile  product.  High 
product  volatile  is  essential.  The  evaporation  rates  of  a  material |38]  is 


Pa  =  «[ 


M 

ItiRT 


]  2P  , 


where  a  is  the  material-dependent  efficiency  factor,  usually  between  0. 1  and  1 .0,  M  is 
the  molecular  weight  and  P  is  vapor  pressure. 


Without  volatility,  the  reaction  products  would  coat  the  surface  and  prevent 
gaseous  species  from  reacting  with  it,  therefore  cut  off  the  etching  reaction.  Chemical 
etching  provides  very  high  selectivity,  but  is  non-directional  providing  an  isotropic 
etch. 


3.  Ion-assisted  plasma  etching 

The  substrates  are  exposed  to  suitable  neutral  species  in  the  presence  of  ion 
bombardment.  The  combination  between  sputtering  and  chemical  reaction  results  in 
material  removal  rates  exceeding  the  sum  of  separate  chemical  attack  and  sputtering. 
There  are  two  mechanisms  in  ion-assisted  etching. 

(a)  Ion-enhanced  energetic  etching 

Neutral  species  cause  little  or  no  etching  without  ion  bombardment.  Ions  damage 
the  substrate  material.  They  create  high  roughness  that  increases  the  exposed  surface, 
and  dangling  atomic  bonds  at  the  surface  that  increase  the  number  of  absorption  site. 
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Since  ions  are  accelerated  and  strike  the  surface  vertically,  the  etching  induced  is 
directional. 

(b)  Ion-enhanced  inhibitor  mechanism 

Etching  by  neutrals  takes  place  spontaneously.  Ion  bombardment  does  not  cause 
any  etching  reaction.  However,  residues  can  coat  the  substrate  surface  and  prevent  the 
etching  reaction  from  taking  place.  The  ion  flux  at  normal  incidence  keeps  areas  clear 
of  inhibitor  film  on  the  horizontal  surfaces,  while  vertical  sidewalls  are  coated  with  an 
inhibitor  film  that  prevents  chemical  attacks.  The  inhibitor-forming  species  may 
generate  from  feed  gas,  feed  gas  additives,  sputtered  reactor  material  or  resist  mask. 

3.3.2  Plasma  etching  parameters 

1 .  Effect  of  pressure 

The  mean  free  path  of  particle  is  inversely  proportional  to  pressure.  At  higher 
pressure,  the  mean  free  path  is 
shorter  causing  more  frequent 
collisions  of  electrons.  The 
electrons  will  lose  their  energy 
and  create  more  reactive  neutral 
species  during  the  collision 
(generate  higher  plasma  density). 

Then  the  etch  mechanism  is  more 


Pressure  (mbar) 


Figure  3-3.  Effect  of  pressure  on  the  ion 
bombardment  energy. 1381 


dominated  by  chemical  reactions  than  physical  (sputtering)  removal,  as  shown 
in  Fig.  3-3. 

As  the  pressure  is  lowered,  the  characteristic  potentials  across  the  sheaths  and  the 
voltage  applied  to  a  discharge  increase  sharply.  The  rise  in  potential  translates  into  a 
higher  energetic  ion  flux  to  substrate  surfaces.  Sputtering  does  not  take  place  until  the 
ion  energy  exceeds  the  material-ion  (molecule)  threshold  energy.  When  the  physical 
reaction  dominates  the  etching  process,  more  surface  damage  will  occur  and  the 
selectivity  of  mask  material  over  etched  sample  will  be  also  decreased. 

For  example,  at  low  pressures  (2~3  mTorr),  the  selectivity  of  AZ5209E 
photoresist  (PR)  over  6H-SiC  in  IONF3/5O2  discharge  has  the  minimum  (about 
zero)'391  mainly  due  to  an  absence  of  ion  collisions  and  recombination  of  ion  and 
electron.  The  etch  rate  of  PR  is  mostly  dominated  by  physical  reaction.  On  the  other 
hand,  as  expected,  the  etch  rate  depends  strongly  on  process  pressure  since  the 
chemical  component  is  enhanced  at  higher  pressure.  The  neutral  density  is  about  1013 
cm'3  at  5  mTorr,  [40]  and  with  a  gas  such  as  CI2,  a  higher  pressure  should  increase  the 
etch  rate.  Selectivity  to  photoresist  increases  with  increasing  process  pressure. 

Purely  chemical  etching  results  in  isotropic  profile  but  low  surface  damage,  while 
purely  physical  etching  gives  anisotropic  profile  but  high  surface  damage.  To  take 
advantage  of  both  mechanisms,  ion-assisted  etching  under  the  pressure  of  several  to 
several  tens  of  mTorr  can  achieve  anisotropic  profile.  Meanwhile,  low  surface 
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damage  can  be  kept  by  controlling  the  process  pressure  and  other  parameters  to 
control  both  physical  and  chemical  reactions  during  etching  process. 

2.  Effect  of  ion  energy  controlled  by  RF  power  supply 

Increasing  the  ion  energy  in  a  plasma  etch  system  typically  results  in  anisotropic, 
high  etching  rate  due  to  the  physical  sputter  desorption  of  the  etch  products. 
However,  bombardment  of  semiconductor  surfaces  with  energetic  ions  generated 
during  plasma  etching  can  damage  the  near  surface  region  and  produce  lattice  damage 
if  the  ion  energy  is  greater  than  the  displacement  energy  of  the  host  atoms.  As  these 
energetic  ions  strike  the  sample,  damage  as  deep  as  100  nm  can  occur  and  cause 
degradation  of  device  performance.  This  damage  can  include  simple  Frenkel  pairs 
consisting  of  a  vacancy  and  the  displaced  atom,  implanted  etchant,  broken  bonds, 
formation  of  dangling  bonds,  or  deposition.  Attempts  to  minimize  the  damage  by 
reducing  the  ion  energy  below  the  damage  threshold  for  compound  semiconductors 
(<40  eV)  or  by  increasing  the  chemical  component  during  the  etching  process  can 
result  in  more  isotropic  profiles.  These  significantly  limit  minimum  device 
dimensions  and  reduce  the  etch  rates.  It  is  therefore  necessary  to  develop  plasma-etch 
processes  which  couple  high  etch  rates,  anisotropy,  and  sidewall  profile  control  with 
low  damage  for  optimum  device  performance. 

3.  Effect  of  temperature 

The  chemical  reaction  is  a  function  of  temperature  as  e  'Ea/RT,  where  Ea  is 
activation  energy,  R  is  gas  constant  and  T  is  temperature  in  Kelvin.  Thus,  the 
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temperature  has  a  dominant  effect  in  selectivity,  etch  rates,  and  degradation  of  the 
resist  mask.  Temperature  can  affect  structure  of  some  oxide  masks  as  well,  such  as 
indium-tin-oxide  (ITO).  ITO  can  be  annealed  and  re-crystallized  at  relatively  high 
temperature  (>100  °C).  If  ITO  film  acts  as  a  sacrificial  layer,  it  is  very  difficult  to 
chemically  remove  an  annealed  ITO  mask  layer  after  plasma  etching. 

4.  Effect  of  loading 

Since  the  arrival  rate  of  reactive  species  at  the  sample  surface  controls  the  etch 
rate,  a  high  generation  rate  of  reactive  species  is  required  for  a  high  etch  rate.  The 
generation  rate  R  is  defined  as  R=kneN,  where  k,  ne  and  N  are  the  reaction  rate 
constant  for  ionization,  electron  density  and  neutral  density,  respectively.  |41]  The 
loading  effect  is  the  decreasing  of  etch  rate  when  there  are  more  etchable  substrates 
placed  in  a  reactor.  The  etch  rate  is  usually  proportional  to  etchant  concentration  that 
decreases  with  increasing  the  area  of  etchable  surface  in  the  plasma. 

3.3.3  Plasma  reactors 

1 .  Ion  milling 

Ion  milling  is  a  purely  physical  process.  The  common  gas  used  is  Ar.  The  ion 
density  and  ion  energy  are  separately  controlled  by  the  filament  current  and  the 
accelerated  voltage  adjustment,  as  seen  in  Fig.  3-4.  1421  This  process  employs  high 
energetic  inert  ion  to  erode  the  surface  of  material  by  bombardment,  causing  high 
surface  damage  and  degrade  the  performance  of  the  device. 
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Figure  3-4.  Ion  milling  configuration. 


2.  Reactive  ion  etching  (RIE) 

Reactive  ion  etching  technique  generates  the  plasma  at  a  radio  frequency  of  13.56 
MHz  between  two  parallel  electrodes  in  a  reactive  gas,  as  shown  in  Fig.  3-5.  The 


electrons  are  accelerated  and 


Gas  distribution 


collide  with  gas  molecules.  The 
substrate  is  placed  on  the 
powered  electrode.  In  this  case, 
a  large  negative  DC  self-bias 
develops  on  the  sample  and 
attracts  ions  from  plasma 


system 


Figure  3-5.  A  schematic  of  RIE  reaction  chamber. 
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which  cause  damage  on  the  surface.  This  results  in  a  high  anisotropic  etch  rate. 
However,  highly  energetic  ions  damage  the  sample  surface  and  degrade  both 
electrical  and  optical  device  performances. 

3.  Electron-cyclotron  resonance  (ECR) 

Due  to  the  surface  damage  from  high  energetic  ions,  high-density  plasma  is 
interesting.  The  ECR  discharge  is  a  low  pressure  and  low  temperature  microwave 
plasma  processing. [411  Its  ability  to  create  high  densities  of  charged  and  exited  species 
at  low  pressures  (<10‘4  Torr)  make  it  an  attractive  processing  discharge  in  etching  and 
thin-film  deposition  applications.  Low  plasma  potentials  and  ion  energies  can  be 
obtained  due  to  magnetic  confinement  of  electrons  in  the  source  region.  Therefore, 
the  surface  damage  in  ECR  is  less  than  RIE  technique. 

The  frequency  of  orbital  motion  of  electrons,  confined  under  the  action  of  an 
external  magnetic  field  (875  Gauss),  is  equivalent  to  the  drive  frequency  of  2.45  GHz 
leading  to  the  occurrence  of  resonance,  so-called  electron  cyclotron  resonance,  if  this 
frequency  of  power  is  applied  to  the  plasma.  In  this  condition,  outer-shell  electrons 
from  gas  molecules  in  the  discharge  may  also  be  liberated,  leading  to  a  very  high 
degree  of  ionization  in  the  plasma.  ECR  provides  high  ion  density  (10  ~  10  cm'  ), 
compared  with  RIE  (109  cm'3),  without  inducing  high  damage  on  the  sample  because 
the  magnetic  confinement  of  electrons  results  in  low  plasma  potential. 

ECR  can  also  control  the  ion  energy  and  ion  flux  independently.  Fig.  3-6  shows  a 
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schematic  of  ECR  reaction 


chamber.  Ion  energy  is 
controlled  by  RF  or  DC 
biasing  at  the  substrate 
holder,  while  the  ion  and 
neutral  flux  are  controlled 
by  microwave  and  gas 
pressure.  On  the  other 
hand,  ECR  etching  also 
has  some  disadvantages: 


2.45  GHz 
microwave 


Figure  3-6.  A  schematic  of  ECR  reaction  chamber. 


•  Expensive  and  complicated  for  equipment  setup 

•  Not  suitable  for  shallow  etch  depth  in  electronic  devices 

•  Create  more  roughness 

•  May  alter  stoichiometry  at  near  sample  surface 

4.  Inductively  coupled  plasma  (ICP) 

Inductively  coupled-plasma  etching  offers  an  alternative  high-density  plasma 
technique  where  plasmas  are  formed  in  a  dielectric  vessel  encircled  by  an  inductive 
coil  into  which  RF  power  is  applied,  as  shown  in  Fig.  1-5.  A  strong  magnetic  field  is 
induced  in  the  center  of  the  chamber,  which  generates  high-density  plasma  due  to  the 
circular  region  of  the  electric  field  that  exists  concentric  to  the  coil.  The  electrons  in 
circular  path  will  have  only  a  small  chance  to  be  lost  to  the  chamber  wall  resulting  in 
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low  DC  self  bias.  At  low  pressures  (<  20  mTorr),  the  plasma  diffuses  from  the 
generation  region  and  drifts  to  the  substrate  with  relatively  low  ion  energy  (<25  eV). 
Thus  ICP  etching  is  expected  to  produce  low  damage  while  achieving  high  etch  rates. 
Anisotropic  profiles  are  obtained  by  superimposing  a  RF  bias  on  the  sample  to 
independently  control  ion  energy,  while  ion  scattering  and  lateral  etching  can  be 
minimized  by  using  low-pressure  conditions.  ICP  sources  may  be  easier  to  scale  up 
than  ECR  sources  and  are  more  economical  in  terms  of  cost  and  power  requirements. 

3.3.4  Plasma  etching  of  SiC 

In  order  to  etch  SiC  in  a  plasma  reactor,  the  chemistry  used  must  be  reactive  with 
SiC.  The  species  produced  by  the  chemical  reactions  must  be  volatile  compounds  under 
the  selected  temperature  and  pressure  condition  to  avoid  the  residue  on  the  surface. 

Several  chemistries  were  examined,  as  shown  in  Table  3-1.  The  most  effective 
gas  for  etching  SiC  is  based  with  fluorine  chemistry.  The  reaction  mechanism  of  SiC  in 
F-based  chemistry  is  shown  as  follows: 

Si  +  xF  — »  SiFx ,  x<l-4 

C  +  xF^CFx,  x<l-3m 

J.  J.  Wang  et  al.  1441  showed  the  data  from  optical  emission  spectra  that  ion 
bombardment  plays  a  role  in  etch  mechanism.  When  silicon  atoms  are  etched  away  by 
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fluoride,  a  carbon  layer  is  assumed  to  be  on  the  exposed  surface  and  removed  by  ion 
bombardment. 

Various  gas  additives  can  have  effects  on  the  etch  behavior.  Oxygen  has  often 
been  added  to  fluorine-based  chemistries  under  RIE  conditions  to  enhance  the  active 
fluorine  concentration  and  increase  the  SiC  etch  rate  |4S|’  [461.  In  ECR  condition,  there  is 
only  little  change  from  O2  addition  to  NF3  or  SF6  in  the  atomic  fluorine  concentration  1471 . 
In  contrast,  the  addition  of  H2  to  the  gas  mixture  reduces  the  etch  rate  |47]’  1481 .  The 
introduction  of  hydrogen  into  the  plasma  prevents  residue  formation  through  a 
combination  of  mechanisms,  including  the  formation  of  volatile  alane  (AIH3)  and  the 
removal  of  the  C-rich  surface  |49]. 

The  difference  in  the  etch  rates  of  SiC  is  due  more  to  differences  in  the  dangling 
bond  densities  and  the  corresponding  reactivity  of  the  crystal  faces  than  to  the  different 
crystal  structure.  For  example,  each  atom  on  cubic  (001)  face  has  two  dangling  bonds, 
whereas  only  one  dangling  bond  exists  on  a  (1 1 1)  face  or  similarly  or  the  (0001)  face  of 
hexagonal  SiC  1501 . 

There  is  no  measurable  difference  in  etch  rates  between  n+  and  p+  SiC  indicating 
the  Fermi-level  effects  play  no  role  in  the  etch  mechanism  under  ICP  conditions  1441 . 
However,  with  the  RIE  technique,  the  etch  rate  increase  when  the  n-type  doping 
increases. 1461 
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Table  3-1.  Plasma  dry  etch  rates  of  SiC 


Reactor 

SiC 

Gas 

Conditions  at  highest  ER 

ER  (A/min) 

RIE 

6H 

CHF3/O2 

20  seem,  200W,  0%  02 

32  1461 

sf6/o2 

410 

CF4/02 

278 

NF3/02 

483 

3C 

sf6 

150  W,  80  mTorr 

700  1511 

6H,  4H 

nf3 

225  mTorr,  95-110  seem,  275 W 

1500  1451 

ECR 

6H 

CF4/02 

500W,  -100V,  17.5%  02,  50  seem 

800  1521 

3C,  6H 

CF4/02 

650W,  -100V,  17%  02,  50  seem 

700  1531 

6H 

20SF6/10Ar 

750W,  250  rf,  2  mTorr,  30  seem 

4500  1541 

3C,  6H 

sf6/o2 

1200W,  1  mTorr,  4  seem 

2500  1551 

6H 

10Cl2/5Ar 

1000W,  150  rf,  1.5  mTorr,  15  seem 

2500  1471 

10C12/5H2 

1000W,  150  rf,  1.5  mTorr,  15  seem 

1000 

4IBr/4Ar 

1000W,  250  rf,  1.5  mTorr,  15  seem 

1100 

nf3 

800W,  100  rf,  1  mTorr,  10  seem 

1600 

sf6 

800W,  100  rf,  1  mTorr,  10  seem 

450 

ICP 

6H 

Cl2/Ar  or  He 

100  Cl2,  75 0W,  250  rf,  5  mTorr 

100  [541 

Cl2/Xe 

13%  Cl2,  75 0W,  250  rf,  5  mTorr 

260 

IBr/Ar 

10%  Cl2,  75 0W,  250  rf,  5  mTorr 

800 

ICl/Ar 

66%  Cl2,  75 0W,  250  rf,  5  mTorr 

250 

6H 

NF3/O2  or  Ar 

100%  NF3,  750W,  250  rf,  5  mTorr 

4000  [561 

3.4  SiC  for  MEMS  Applications 


Silicon  carbide  (SiC)  is  a  promising  material  for  the  development  of  high- 
temperature  solid-state  electronics  and  transducers,  1571  owing  to  its  excellent  electrical, 
mechanical,  and  chemical  properties.  Many  measurement  and  control  applications  that 
require  micro-sensor  and  micro-actuator  technologies  are  in  the  presence  of  chemically 
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reactive  and  high  temperatures  environments.  For  example,  the  comprehensive 
instrumentation  needed  to  maximize  the  efficiency  of  gas  turbine,  rocket,  and  internal 
combustion  engines  must  be  able  to  reliably  monitor  operating  parameters  in  and  around 
combustion  environments.  This  need  includes  the  measurement  of  steady  state  and 
transient  phenomena  (e.g.,  temperature,  pressure,  acceleration,  and  flow  parameters),  as 
well  as  monitoring  of  the  by-products  of  the  combustion  process.  |5S|  The  wide  bandgap 
SiC  is  well  suited  for  such  sensing  applications  in  harsh  environments. 

SiC’s  high  temperature  capabilities,  for  example,  have  enabled  the  realization  of 
catalytic  metal-SiC  and  metal-insulator-SiC  (MIS)  prototype  gas  sensor  structures  with 
great  promise  for  emissions  monitoring  applications.  |59]’  [6G|  These  structures  with 
catalytically  active  gates  are  widely  used  to  electronically  detect  the  presences  of  various 
chemical  species. ,60]’ [611  A  number  of  groups  have  demonstrated  the  refractory  metal  gate 
SiC  devices  for  high  temperature  chemical  sensing  applications,  [571, 1581 1621  ’ [63]’ [64]’ [651, 1661 
which  include  hydrogen  and  hydrocarbon  sensors  operating  at  temperatures  from  600  K 
to  1300K.  Specific  sensor  configurations  have  achieved  millisecond  time  response  and 
sensitivity  at  the  0.1%  level.  In  addition,  the  preliminary  results  indicate  that  suitably 
designed  devices  may  offer  sensitivity  to  ammonia,  carbon  monoxide,  nitrogen  oxides 
and  fluorocarbons.  1671 

Although  Si  is  well  suited  for  a  wide  range  of  sensor  and  actuator  applications,  it 
is  generally  limited  in  electronic  device  operating  below  250  °C  and  in  mechanical  device 
functioning  below  600  °C  (due  to  a  decline  in  its  elastic  modulus  with  increasing 
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temperature).  If  not  impractical,  the  bulky  packaging  required  to  keep  Si-based  micro- 
electro-mechanical  systems  (MEMS)  within  operating  limits  (in  practice,  below  250  °C) 
in  high-temperature  environments  is  both  space  and  cost  intensive  for  many  applications. 
Consequently,  for  high-temperature  MEMS  applications  (e.g.,  above  350  °C  |68]),  there  is 
a  need  for  semiconductors  with  good  mechanical  and  thermal  stability  and  a  wide 
bandgap  for  stable  electronic  properties  at  elevated  temperatures.  Silicon  carbide  (SiC) 
has  these  properties,  as  well  as  additional  attractive  features.  Compared  to  Si,  SiC 
demonstrates  higher  chemical  inertness  and  radiation  resistance,  which  expands  its 
potential  to  MEMS  for  space  satellite  systems.  At  the  same  time,  single  and 
polycrystalline  SiC  can  be  grown  on  large  area  substrates  and  are  compatible  with  batch- 
fabrication  processes  used  in  Si  micromachining  and  integrated  circuit  (IC)  industries.  To 
a  large  extent,  SiC  device  fabrication  technology  leverages  off  the  infrastructure  of  Si 
technology. 

The  need  for  instrumentation  in  harsh  environments,  in  particular  at  temperatures 
above  350  °C,  has  spurred  the  research  and  development  of  SiC  MEMS,  resulting  in 
rapid  advances  in  the  technology  over  the  last  several  years.  Due  to  the  ease  of  deposition 
and  the  ability  to  deposit  poly-SiC  on  many  different  substrates,  some  of  the  first  SiC- 
based  sensors  were  fabricated  from  poly-SiC.  In  1990,  the  fabrication  of  a  poly-SiC  thin- 
film  thermistor  on  an  alumina  substrate  was  reported.  1691  The  sensor  was  fabricated  from 
RF-sputter-deposited  SiC,  using  sintered  SiC  as  a  target,  Ar  as  a  sputtering  gas,  and  a 
deposition  pressure  of  20  mTorr.  Various  packages  for  the  thermistor  were  developed, 
and  the  device  was  tested  at  temperatures  from  0  to  500  °C.  The  authors  observed  a 
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resistance  change  of  only  5%  after  a  continuous  test  at  500  °C  for  1000  h.  A  second 
group  reported  the  fabrication  of  SiC-based  resistive  temperature  sensors  on  Si  substrates 
[701.  SiC  fdms  for  this  sensor  were  prepared  by  plasma-assisted  CVD,  using  dichlorosilane 
and  methane  as  Si  and  C  source  gases.  The  resistors  were  tested  at  temperatures  between 
0  and  300  °C  and  exhibited  a  temperature  coefficient  of  resistance  of  1800  ppm/°C.  The 
sensor  was  placed  into  a  nitrogen  flow  stream  to  evaluate  its  performance  as  a  gas  mass 
flow  sensor.  The  output  characteristics  of  the  SiC  sensor  showed  square  root  dependence, 
and  the  output  sensitivity  was  0.05  mV/sccm. 

The  more  reports  on  SiC-based  gas  sensors,  pressure  sensors,  lateral  resonant 
devices,  and  atomizers  that  show  the  ability  to  operate  in  harsh  environment  can  be  found 
in  the  references.  [71]’ [72>’ |73]’ [74]’  [75>’ |76]’ [77]’  [78>’ |79>’ |80]’ [81>’ |82>’ |83]’ [84>  However,  most  of 
them  were  electrically  active.  For  certain  applications,  in  order  to  have  stable  and  reliable 
electrical  properties  at  high  temperature,  a  good  formation  of  electrical  contact  for  SiC 
devices  is  highly  desirable  and  requires  a  well-developed  processing  technology,  which 
still  needs  further  effort  to  improve.  1851  To  solve  this  problem,  the  combination  of  fiber¬ 
optic  technology  and  SiC  technology  opens  a  way  to  show  an  alternative  (electrically 
passive  SiC  devices)  to  electrical  devices  at  high  temperature.  Based  on  the  following 
brief  introduction  about  thin-film  Fabry-Perot  interferometer  for  fiber-optic  temperature 
sensors,  we  have  investigated  the  SiC  thin-film  Fabry-Perot  interferometers  operating  at 
high  temperature  (540  °C).  The  details  will  be  discussed  in  Chapter  6. 
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3.5  Thin-fllm  Fabry-Perot  interferometer  for  fiber-optic  temperature  sensor 

The  benefits  of  fiber  optics  are  fully  realized  when  the  remotely  located  sensor  is 
linked  solely  by  fibers.  Fiber-linked  optical  temperature  sensors  can  be  categorized  on  the 
basis  of  their  method  of  signal  generation  as  follows: 

(a)  Optically  emissive,  thermally  powered; 1861 

(b)  Optically  emissive,  optically  powered;  |87|‘ [8S| 

(c)  Intensity  modulating  (non-emissive). |891’ 1901 

In  this  study  we  have  looked  at  a  thin- film  Fabry-Perot  temperature  sensor  that 
falls  under  the  category  of  intensity  modulating  (non-emissive).  Therefore,  the  following 
discussion  will  be  on  non-emissive  Fabry-Perot  type  temperature  sensors  only.  A  fiber- 
linked  Fabry-Perot  interferometer  can  provide  a  wavelength-encoded  temperature 
measurement  from  a  very  compact  and  rugged  sensor.  Typically,  the  Fabry-Perot 
temperature  sensor  is  a  thin  platelet  of  a  material  that  has  a  temperature-dependent 
refractive  index. [891,  [9G| 

3.5.1  Fabry-Perot  interferometer  for  temperature  sensor 

A  Fabry-Perot  interferometer  is  one  type  of  spectrum-modulating  transducer  that 
can  be  used  to  sense  a  number  of  different  physical  parameters.  [911  The  separation 
between  the  thin  film  boundaries,  L,  is  of  the  order  of  magnitude  of  the  wavelength  so 
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that  interference  effects  occur.  1921  During  the  operation,  it  must  incorporate  some 
mechanism,  which  causes  the  interferometer’s  optical  path  difference  (OPD)  to  be  a 
stable  and  sensitive  function  of  only  the  parameter  to  be  measured.  For  the  phase- 
modulated  sensors,  if  the  sensor  is  illuminated  by  a  broadband  light  source,  the  positions 
of  the  maxima  and  minima  of  the  sensor’s  output  spectrum  can  be  used  to  determine  the 
magnitude  of  the  sensed  parameter.  The  information  content  of  this  type  of  spectrally 
encoded  signal  is  unlikely  to  be  degraded  by  routine  variations  in  the  transmission 
properties  of  the  fiber  link.  Besides  providing  a  high  degree  of  link-independence,  Fabry- 
Perot  type  sensors  can  be  compact  and  rugged,  and  they  can  provide  both  high  sensitivity 
and  stability. |93] 

3.5.2  Wavelength-encoded  temperature  measurement 

A  wavelength-encoded  temperature  measurement  can  be  provided  by  a 
temperature-sensitive  Fabry-Perot  interferometer.  As  shown  in  Fig.  3-7,  the  essential 
feature  of  it  is  two  parallel  flat  reflective 
surfaces,  which  are  separated  by  a 
distance  L,  where  no,  ni  and  n2  represent 
for  refractive  index  of  ambient,  refractive 
index  of  thin-film  interferometer  and 
refractive  index  of  substrate, 
respectively.  If  the  interferometer  is 
operated  in  reflection  mode,  only  the  first 


Figure  3-7.  A  schematic  of 
Fabry-Perot  interferometer. 
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reflector  needs  to  be  partially  transmissive.  The  light  is  assumed  to  be  collimated,  with  an 
internal  angle  of  incidence  0i.  The  Fabry-Perot  interferometer’s  OPD  is  then  given  by 
Aopd  =2 nxLCos6x.  To  sense  temperature,  AOPD  must  vary  as  a  monotonic  function  of 
temperature.  This  can  be  affected  by  changes  in  ni  or  L. 

At  resonance,  X  =  Xm,  where  the  resonant  wavelength  of  integer-order  m  is  given 
by  mXm  =  Aopd,  the  interferometer’s  spectral  reflectance  Rf(A,)  is  minimized  (here  it  is 
assumed  that  the  phase  changes  on  internal  reflection  are  zero).  The  sensed  temperature 
can  be  determined  by  tracking  the  position  of  one  of  the  minima  in  R|,(a),  since  Am  is 
proportional  to  the  temperature-dependent  A0PD.  This  wavelength-based  measurement 
method,  because  it  is  signal-level  insensitive,  has  a  high  degree  of  immunity  to  the  effects 
of  changes  in  the  transmissivities  of  the  optical  fibers  and  connectors.  A  more  detailed 
description  about  the  operation  of  a  wavelength  encoded  Fabry-Perot  interferometer  as 
well  as  an  estimate  of  the  sensor’s  temperature  sensitivity  will  be  addressed  in  Chapter  6. 
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CHAPTER  4.  GROWTH  AND  DOPING  OF  SiC  THIN-FILM 


ON  LOW-STRESS,  AMORPHOUS  Si3N4/Si  SUBSTRATE 

4.1  Low-stress,  amorphous  Si3N4  grown  on  Si  substrate  by  LPCVD 

The  use  of  Tow  stress’  silicon  nitride  is  prevalent  in  many  micro-fabrication 
applications. [11  This  film  is  known  to  have  desirable  physical  characteristics  for  structural 
components  in  MEMS  devices,  as  well  as  being  used  as  a  hard  mask  for  wet  and  dry 
etching.  A  Low  Pressure  Chemical  Vapor  Deposition  (LPCVD)  process  is  commonly 
used  to  deposit  thin  layers  of  silicon  nitride.  LPCVD  depositions  have  proven  to  produce 
a  high  integrity,  repeatable,  controllable,  and  uniform  film  ideal  for  many  micro- 
fabrication  applications. 

The  MEMS  applications  require  that  large-area,  uniform  SiC  films  are  formed  on 
insulating  or  sacrificial  layers,  [2]’ [31  such  as  SiC>2,  Si3N4,  and  polycrystalline  Si  (poly-Si). 
As  an  insulating  barrier  layer  for  SiC  MEMS  applications,  S13N4  is  more  attractive  than 
SiCE  due  to  its  higher  dielectric  constant  that  can  reduce  the  leakage  currents  and  the 
dopant  (such  as  boron)  penetration.  |4]  Another  drawback  of  SiC>2  for  SiCOI  structures  is 
the  decomposition  of  SiC>2  at  temperature  above  1100°C  during  SiC  growth,  which  may 
cause  the  oxygen  contamination  that  can  affect  the  electrical  properties  of  SiC  films. 151  In 
addition,  because  the  thermal  expansion  coefficient  of  SfN4  is  much  closer  to  that  of  SiC 
than  one  of  SiC>2,  the  stress  existed  in  SiC  thin-film  grown  on  Sf^  will  be  lower  than 
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that  on  SiC>2.  Hence,  Si3N4  is  more  suitable  than  SiC>2  as  a  functional  layer  for  SiC- 
MEMS  devices.  Table  4-1  shows  some  basic  properties  of  SijN4  and  SiC>2. 

In  this  study,  we  use  low  stress,  amorphous  SCN4  (0.5  jam)  grown  on  <100> 
double-side  polished  4”  Si  substrate  by  LPCVD  from  Cronos  Integrated  Microsystems, 
Inc.  in  NC.  The  Si  substrate  is  400  (tm  thick.  The  color  of  nitride  film  is  bluish  green;  the 
refractive  index  of  nitride  film  is  between  2.15  to  2.30;  the  stress  in  the  film  is  tensile  and 
less  than  140  MPa. 

4.2  Growth  of  SiC  thin-film  by  LPCVD 

4.2.1  Introduction  of  RM  rapid  thermal  CVD  system 

Conventional  thermal  processing  (e.g.  CVD,  furnace  oxidation,  furnace 
annealing)  involves  the  use  of  high  temperatures  with  reaction  times  in  minutes  and 
hours.  These  high  temperatures  are  necessary  since  the  quality  of  deposition,  growth  rate 
and  activation  of  implanted  species  are,  in  general,  superior  at  higher  temperatures. 
However,  continuous  exposures  at  high  temperatures  for  extended  periods  of  time  have 
also  been  found  to  be  detrimental  on  occasion  since  diffusion  of  dopants  may  be  more 
than  desired.  Inter-diffusion  of  impurities  from  the  substrate  to  the  deposited  film  is  also 
possible.  In  addition,  maintaining  the  high  temperatures  may  result  in  damage  to  both  the 
substrate  and  the  film.  These  drawbacks  lead  to  the  need  to  minimize  the  time  for  which 
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the  materials  ‘see’  high  temperatures.  The  rapid  thermal  processing  (RTP)  technique  has 
been  designed  with  this  objective  in  mind. 


Table  4-1  Properties  of  SiC>2  and  Si3N4  at  300  K  [6] 


Properties 

Si02 

Si3N4 

Structure 

Amorphous 

Amorphous 

Melting  point  (°C) 

-1600 

— 

Density  (g/cm  ) 

2.2 

3.1 

Refractive  index 

1.46 

2.05 

Dielectric  constant 

3.9 

7.5 

Dielectric  strength  (V/cm) 

107 

107 

Infrared  absorption  band  (pm) 

9.3 

11.5-12.0 

Energy  gap  (eV) 

9 

-5.0 

Thermal-expansion  coefficient  (°C‘1) 

5x1  O'7 

4x1 0‘6  171 

Thermal  conductivity  (W/cm-K) 

0.014 

0.019  181  -0.037  [9] 

DC  resistivity  (£2-cm)  at  25  °C 

1014-1016 

-1014 

at  500  °C 

— 

~2xl013 

Etch  rate  in  buffered  HF  a  (A/min) 

1000 

5-10 

a  Buffered  HF:  34.6%  (wt.)  NH4F,  6.8%  (wt.)  HF,  58.6%  H20. 
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In  the  RTP  technique,  the  temperature  of  the  wafer  can  be  ramped  up  to  high 
temperatures  in  a  matter  of  seconds.  Since  the  total  thermal  budget  (heat  supplied  x  time) 
is  reduced  dramatically,  the  problems  of  inter-diffusion  or  damage  to  the  material  are  also 
decreased.  The  wafer  is  normally  placed  on  a  quartz  tray  with  the  only  contact  between 
the  two  beings  via  tiny  pins  on  which  the  wafer  rests.  Lamps  that  supply  infrared  energy 
are  placed  on  either  side  of  the  wafer.  The  power  supplied  to  the  lamps  can  be  changed 
extremely  rapidly  and  so  the  energy  supplied  by  it  and  absorbed  by  the  wafer  is  also 
changed  extremely  quickly.  This  enables  ramping  up  the  temperature  of  the  wafer  at  rates 
up  to  250  °C/sec.  Since  the  wafer  absorbs  far  more  of  this  energy  than  the  surrounding 
environment,  the  wafer  is  at  much  higher  temperature.  Upon  switching  off  power  to  the 
lamps,  the  wafer  can  radiate  its  heat  very  quickly  resulting  in  rapid  ramp  downs.  The 
temperature  uniformity  across  the  wafer  can  be  controlled  accurately  by  controlling  the 
power  to  the  lamps  close  to  different  regions  of  the  wafer.  Usually,  there  are  no  thermal 
stresses  across  the  wafer  except  at  the  wafer  edge.  The  RTP  technique  is  now  widely  used 
in  ion  implantation  annealing,  metal  silicidation,  thin  dielectric  formation,  etc. 

The  rapid  thermal  CVD  system  used  in  this  study  is  modified  from  AET  Addax 
Inc.  |10].  The  system  comprises  three  main  parts:  the  reaction  chamber,  the  pumping  group 
and  the  gas  distribution  system,  as  shown  in  Fig.  4-1.  The  reaction  chamber  (Fig.  4-2)  is 
fabricated  from  high  quality  quartz.  It  has  a  rectangular  cross-section  that  enables  both 
vacuum  operation  and  large  area  deposition  (up  to  4"  diameter  substrate)  while  efficiently 
utilizing  the  infrared  output  of  lamps  placed  on  both  side  of  the  chamber.  The  Si  substrate 
is  placed  on  six  quartz  pins  of  a  quartz  tray  that  is  attached  to  a  water-cooled  door.  The 
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problem  of  carbon  contamination  due  to  the  graphite  susceptor  commonly  used  in  the 
conventional  CVD  growth  is  thus  eliminated.  Two  rows  of  nine  high-power  (6000 
W/each)  tungsten  halogen  lamps  are  used  to  heat  the  wafer.  The  lamps  are  enclosed 
within  a  stainless  steel  chamber  that  has  a  reflective  coating  of  gold  to  the  inner  wall  and 
is  water-cooled.  The  wafer  temperature  is  monitored  using  an  optical  pyrometer  or  a 
thermocouple. 
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Figure  4-1.  Schematic  diagram  of  the  rapid  thermal  RTCVD  system 


The  system  is  capable  of  pumping  down  the  chamber  to  a  base  pressure  of  10'3 
torr  using  a  mechanical  pump  (Alcatek  2020  CPI).  A  thermocouple  vacuum  gauge  and  a 
cold-cathode  vacuum  gauge  are  used  to  indicate  the  chamber  pressure.  A  toxic  gas 
cleaning  system  is  installed  at  the  outlet  of  the  mechanical  pump  to  filter  out  any  toxic 
residual  precursors  and  by-products.  Seven  process  gas  lines  are  equipped  with  electronic 
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mass  flow  controllers.  The  gases  are  introduced  into  the  chamber  through  nozzles  on  the 
front  door  flange. 


Quartz  Tray 


Entry  Door 


Figure  4-2.  A  schematic  arrangement  of  reaction  chamber  of  the  RTCVD  system 


The  operation  of  the  RTP  CVD  system  is  computer-controlled  from  an  IBM- 
compatible  PC.  Simultaneous  temperature,  gas  flow  and  pressure  versus  time  profiles  are 
defined  in  a  recipe  file.  During  recipe  execution,  the  desired  temperature  and  time  recipe 
is  obtained  by  a  closed-loop,  real-time  temperature  control  system  that  regulates  the 
power  of  lamps  every  0.2  s  by  comparing  the  signal  from  the  pyrometer  (or 
thermocouple)  with  the  programmed  temperature. 


During  the  actual  processing,  the  pyrometer  is  preferred  to  a  thermocouple,  since 
the  latter  can  react  with  the  processing  gases  and  thereby  act  as  a  contamination  source.  It 
has  also  been  suggested  that  the  thermocouple  is  not  as  accurate  as  the  pyrometer  since  it 
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‘sees’  the  surrounding  and  not  just  the  material  that  it  is  in  contact  with.  11 1]  In  addition, 
the  thermocouple  can  also  interfere  with  the  flow  pattern  of  the  processing  gases  which 
will  affect  film  growth  on  the  substrate.  The  pyrometers  are  calibrated  against  the 
thermocouples  and  provide  a  temperature  calibration  accuracy  of  ±  10  °C. 

There  are  six  gas  cabinets  individually  equipped  with  pressure  sensors,  leak 
detectors,  gas  regulators  and  purging  capability.  The  gas  cylinders  installed  are  ultra  high 
purity  (UHP,  99.999%)  hydrogen  (H2),  propane  (5%  C3H8  in  H2),  silane  (SiH4), 
hydrochloride  (HC1),  dopant  (99.999%  N2),  and  trimethylsilane  (3MS,  99.995%).  A 
seventh  cylinder  of  oxygen  (02)  is  kept  outside  the  gas  cabinets  and  used  only  during 
temperature  calibration  using  a  thermocouple.  The  cylinders  are  connected  to  the  system 
via  stainless  steel  tubes.  Each  gas  line  has  an  electronic  Mass  Flow  Controller  (MFC)  to 
control  the  flow  rate.  Capacities  range  from  10  seem  to  10  slm. 

The  versatility  of  CVD  combined  with  the  temperature -time  control  of  RTP  has 
led  to  a  very  efficient  and  economic  approach  to  thin  film  deposition:  rapid  thermal  CVD. 
Unlike  conventional  CVD,  in  rapid  thermal  CVD,  the  gas  flow  is  constant  throughout  the 
process  and  the  temperature  controls  the  reaction  time.  Growth  takes  place  only  during 
the  limited  period  the  system  is  at  high  temperature.  Gas  switching  occurs  during  the  low 
temperature  segment  of  the  process,  thus  removing  the  transient  effect  of  gas  residence 
times.  Therefore,  rapid  thermal  CVD  has  the  potential  ability  to  grow  structures  with  very 
abrupt  interfaces  between  thin  films  at  various  temperatures.  Furthermore,  by  simply 
repeating  the  process  with  a  series  of  appropriate  gas  precursors,  a  sequence  of  layers  can 
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be  deposited  totally  in-situ  and  with  minimum  high  temperature  exposure.  Moreover, 
each  layer  can  be  rapidly  deposited  at  its  optimum  temperature,  something  that  is  very 
difficult  to  do  in  a  conventional  CVD  system  where  the  temperature  stabilization  is  quite 
lengthy.  The  combination  of  these  characteristics  makes  rapid  thermal  CVD  an 
interesting  alternative  to  conventional  CVD  for  the  growth  of  hetero-structures  and  for  in- 
situ  conformal  and  non-conformal  growth. 

The  advantages  of  the  rapid  thermal  CVD  setup  over  a  conventional  CVD  one  can 
be  summarized  as  follows: 

1 .  Ability  to  grow  very  thin  films 

2.  Ability  to  grow  multi-layers  in-situ 

3.  Ability  to  grow  films  at  higher  temperatures  while  still  maintaining  an  overall 
restricted  thermal  budget. 

4.  Ability  to  tailor  the  ramp-rate  over  a  much  wider  range  than  in  a  conventional 
reactor 

5.  Elimination  of  contamination  from  a  conventional  susceptor. 

4.2.2  Sample  preparation 

The  quartz  tray  that  holds  the  wafer  inside  the  chamber  is  designed  to  hold  only  a 
3"  wafer.  The  low-stress,  amorphous  SijN^Si  wafers  come  in  size  of  4"  from  Cronos.  In 
order  to  optimize  the  size  of  samples  and  the  cost  of  the  wafers,  they  were  cut  into  pieces 
that  were  about  1  x  1  cm  in  dimension.  The  1  x  1  cm  pieces  can,  of  course,  not  be  kept 
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by  themselves  on  a  quartz  tray  that  supports  a  3"  wafer.  In  order  to  accomplish  this,  we 
used  a  3"  Si  wafer  as  the  main  susceptor,  and  had  one  smaller  piece  of  Si  wafer  serving  as 
a  block  for  the  1  x  1  cm2  S^N^Si  pieces.  The  block  is  essential  since  the  tray  is  usually 
kept  at  a  slight  angle  from  the  horizontal,  which  means  that  the  1  x  1  cm2  Si3N4/Si  pieces 
might  move  immediately  after  it  is  loaded  into  the  chamber  and  the  evacuation  process  of 

the  chamber  is  executed 
or  when  the  gases  start 
flowing  during  the 
0.5  pm  Si3N4/Si  (lxl  cm2)  actual  processing.  It  is 

important  to  prevent  any 


Si  block  piece 


3"  Si  wafer 


TOP  VIEW 

Figure  4-3.  Arrangement  of  the  sample  and  Si  wafer  pieces. 


movement  since  exact 
positioning  of  the 
sample  is  crucial  for 
optimum  growth.  Fig.  4- 
3  shows  a  schematic  of 
how  the  sample  is 
blocked. 


Using  a  cutting  pen  with  diamond  tip,  the  Si  block  can  be  simply  cleaved  from  a 
regular  3"  Si  wafer.  The  Si3N4/Si  pieces  can  also  be  cleaved  easily  if  the  base  Si  substrate 
is  in  (100)  orientation  that  will  enable  square  or  rectangular  pieces  to  be  cut.  However,  if 
the  base  substrate  is  in  (111)  orientation,  the  cleaving  process  will  only  yield  either 
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rhombus  or  a  triangle.  If  the  shape  and  dimension  of  the  pieces  are  not  important,  this 
cutting  technique  will  be  sufficient. 

4.2.3  Ex-Situ  cleaning 

Pieces  that  have  been  cleaved  are  then  cleaned  at  room  temperature  in  the 
following  procedure: 

1 .  Dip  samples  and  Si  wafer  in  acetone  for  1  minute  to  remove  most  organics  and 
particulate  impurities; 

2.  Dip  in  methanol  for  1  minute  to  further  remove  organics  as  well  as  acetone 
residuals  that  do  not  dissolve  in  water; 

3.  Rinse  in  running  deionized  (DI)  water  for  at  least  1  minute; 

4.  Dip  ShNzt/Si  samples  and  Si  wafer  in  5%  HF  solution  to  remove  oxides  for  30 
seconds  and  1  minute,  respectively; 

5.  Rinse  again  in  running  deionized  (DI)  water  for  at  least  1  minute; 

6.  Inspect  samples  with  naked  eyes.  If  necessary,  repeat  step  1  to  5  until  they  are 
cleaned; 

7.  Blow  dry  with  N2  air  gun. 

After  all  samples  and  Si  wafers  are  cleaned,  they  are  taken  to  the  RM  chamber  and 
loaded  in  the  following  sequence: 

1.  3"  Si  wafer 

2.  Sample  block 
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3.  Si3N4/Si  samples 

The  chamber  door  is  then  closed  and  the  isolation  valve  is  opened  to  pump  down  the 
chamber  to  about  3  millitorr.  This  usually  takes  about  an  hour. 

4.2.4  In-Situ  cleaning 

This  in-situ  cleaning  is  performed  to  remove  any  thin  layer  of  native  oxide  that 
might  have  grown  during  the  pump-down  period.  In  the  in-situ  cleaning,  the  wafer 
temperature  is  ramped  up  to  1100  °C  with  1  slm  H2  flowing.  The  wafer  is  maintained  at 
1 100  °C  for  30  seconds  and  then  cooled  down  to  room  temperature. 

4.2.5  Growth  with  trimethylsilane 

All  experiments  of  SiC  growth  were  conducted  using  the  precursor, 
trimethylsilane  (CH3)3SiH  -  (referred  to  in  the  rest  of  this  thesis  as  3MS)  -  which 
contains  both  silicon  and  carbon.  The  linear  chain  structure  of  a  3MS  chain  is  shown  in 
Fig.  4-4.  As  a  single  organosilane  precursor,  3MS  is  recognized  to  be  non-pyrophoric, 
non-corrosive,  and  easier  to  handle  than  the  conventional  SiH4/C3H8/H2  gas  system  used 
for  SiC  growth.  By  using  3MS  and  low  pressure  CVD,  Rodriguez- Vieho  et  al.  reported 
that  <11 1>  oriented  poly  crystalline  SiC  fdm  can  be  grown  on  Si02  1121  and  Kim  et  al. 
reported  that  single  crystalline  SiC  could  be  grown  on  Si3N4.  |13] 
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Figure  4-4.  Linear  chain  structure  of  a  3MS  [(CF^SiFI]  molecule. 


For  all  SiC-growth  experiments  reported  in  this  chapter,  the  hydrogen  flow  rate  is 
1  slm,  and  the  3MS  flow  rates  range  from  20  to  40  seem,  while  nitrogen  flow  rates  vary 
from  0  to  10  seem.  The  growth  temperature  is  in  the  range  of  1 100  to  1250  °C,  the  growth 
time  is  3  to  6  minutes,  and  temperature  ramp  rate  is  25  °C/second.  To  get  a  SiC  film  with 
higher  uniformity,  we  divide  the  total  growth  time  into  two  equal  ones  and  grow  SiC  film 
twice  with  a  180°  manual  rotation  in  between.  Fig.  4-5  shows  the  recipe  for  SiC  growth 
using  3MS.  In  order  to  evaluate  the  influence  of  growth  temperature  on  structural  and 
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Figure  4-5.  Recipe  for  SiC  growth  using  3MS 
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electrical  properties,  four  different  values  were  selected:  1100,  1150,  1200,  and  1250  °C. 


4.2.6  In-Situ  nitrogen  doping 

The  in-situ  nitrogen  doping  during  SiC-growth  by  CVD  can  eliminate  the 

structural  damage  and  stress  in  the  film  caused  by  alternative  doping  with  ion 

implantation.  There  is  no  need  for  post- annealing  at  high  temperature  (usually  >1500  °C) 
to  repair  the  damage. 

In  this  study,  to  investigate  the  doping  effect  of  N2  flow  rate  on  the  electrical 
properties  of  SiC  fdms,  two  sets  of  growth  conditions  were  chosen:  (1)  0,  1,  2,  and  10 
seem  N2  with  constant  25  seem  3MS  at  1250  °C;  (2)  2,  5,  and  10  seem  N2  with  constant 

40  seem  3MS  at  1200  °C.  The  flow  rate  of  H2  was  kept  at  1  slm  all  the  time. 

4.3  Characterization  of  as-grown  SiC  thin-film 

The  crystal  structure  of  as-grown  SiC  films  was  characterized  by  XRD  spectra. 
The  surface  morphology  of  the  SiC  films  and  the  SiC/Sf,^  interface  was  examined  by 
SEM.  The  surface  roughness  of  the  SiC  films  was  studied  by  AFM.  The  SiC-film 
thickness  of  samples  used  for  Hall  measurements  ranged  from  1-2  pm.  Electrical 
properties  of  grown  SiC  films  were  investigated  using  MMR  Corporation’s  (California, 
USA)  Hall-effect  measurement  system  with  a  magnetic  field  up  to  1.2  T.  Electrical 
contacts  were  made  by  depositing  Ni  on  the  four  comers  of  the  sample  using  electron- 
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beam  evaporation  followed  by  annealing  at  900  °C  for  5  min.  The  quality  of  the  electrical 
contacts  was  evaluated  by  checking  the  linearity  of  their  current-voltage  (I-V)  relation. 
The  magnetic  field  was  set  at  1  T  (10,000  Gauss)  for  all  Hall-effect  measurements. 

4.3.1  Characterization  techniques 

— X-ray  diffraction  (XRD) 

A  beam  of  x-rays  directed  at  any  material  will  be  scattered  in  all  directions.  A 
diffracted  beam  is  composed  of  a  large  number  of  scattered  rays  that  mutually  reinforce 
each  other.  This  means  that  the  intensity  of  the  scattered  beam  is  highest  in  the  diffraction 
condition.  For  crystalline  materials,  the  intensity  of  the  radiation  scattered  in  certain 
directions  will  be  much  stronger  depending  on  the  crystal  planes  that  scatter  them.  For 
polycrystalline  materials,  peaks  in  the  intensity  profile  are  obtained  in  a  number  of 
different  directions  dependent  on  the  different  crystal  planes  off  which  diffraction  is 
obtained.  For  mono-crystalline  materials,  the  peak  in  the  profile  is  obtained  in  directions 
specific  to  one  family  of  planes. 

According  to  the  Bragg  law,  X  =  2d  Sin0,  where  X  is  the  wavelength  of  the 
radiation  hitting  the  sample,  d  is  the  interplanar  spacing  of  the  planes  reflecting  the 
radiation,  and  0  is  half  of  the  angle  between  the  diffracted  and  transmitted  beam.  By 
using  x-ray  radiation  of  known  wavelength,  and  measuring  the  angle  0,  it  is  possible  to 
determine  the  spacing  d  of  various  planes  in  a  crystal,  and  thereby  identify  the  material 
and  the  planes  diffracting  the  x-ray  beam.  Fig.  4-6  [141  shows  the  essential  features  of  an 
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x-ray  diffractometer.  X-rays  from  the  tube  T  are  incident  on  a  crystal,  C,  which  may  be 


set  at  any  desired  angle  with  respect  to  the  incoming  radiation  by  rotating  it  about  an  axis 
through  O,  the  center  of  the  diffractometer  circle.  The  intensity  of  radiation  diffracting 
off  from  the  C  is  measured  in  a  detection  counter,  G  that  also  rotates  about  an  axis 
through  O.  The  various  components  are  arranged  so  that  if  C  is  moved  through  an  angle 
0,  the  detector,  G  moves  through  an  angle  20.  By  moving  C  through  a  specified  angular 
range,  it  is  possible  to  determine  the  angular  position  at  which  the  intensity  plot  shows 
peaks.  Peak  analysis  can  give  qualitative  information  on  the  amount  and  quality  of 
material. 


Figure  4-6.  A  schematic  of  X-ray  diffractometer 
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The  diffractometer  used  in  this  study  was  a  Rigaku  MiniFlex  XRD  system  that 
allowed  rotation  of  the  sample  about  an  axis  perpendicular  to  its  top  surface.  This  was 
useful  in  aligning  the  mono-crystalline  sample  so  that  the  diffracting  planes  would  be 
aligned  to  give  the  maximum  diffraction  intensity. 

The  angular  positions  of  interest  in  this  study  were  as  follow: 

Si  (1 1 1)  =  28.4  0  Si  (200)  =  32.96  0  Si  (400)  =  69314  ° 

3C-SiC  (111)  =  35.6°  3C-SiC  (200)  =  41.59  °  3C-SiC  (220)  =  60.0  ° 

a-Si3N4  (200)  =  26.44  °  a-Si3N4  (200)  =  35.35  ° 

— Scanning  Electronic  Microscopy  (SEM) 

In  the  SEM,  a  focused  beam  of  electrons  is  rastered  across  a  sample  surface,  the 
raster  scan  being  synchronous  with  that  of  a  cathode  ray  tube  (CRT).  The  brightness  of 
the  CRT  is  modulated  by  the  detected  secondary  electron  current  from  the  sample,  such 
that  the  viewing  CRT  displays  an  image  of  the  variation  of  secondary  electron  intensity 
with  position  on  the  sample.  This  variation  is  largely  dependent  on  the  angle  of  incidence 
of  the  focused  beam  on  the  sample,  thus  yielding  a  topographical  image.  Different 
detectors  can  be  used  to  provide  alternative  information,  e.g.,  a  back-scattered  electron 
detector  will  provide  average  atomic  number  information.  As  shown  in  Fig.  4-7,  in 
normal  SEM  image  observation,  the  second  condenser  lens  (CL2)  provides  a  crossover 
image  (A  point)  for  the  objective  lens  (OL).  Scanning  coils  SCI  and  SC2  are  energized 
and  the  incident  beam  scans  the  specimen  surface  through  two  stages  with  two  sets  of 
scan  coils. 
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Figure  4-7.  Electron  beam  diagram  when  observing  SEM  image. 


A  typical  SEM  sample  stub  is  shown  in  the  Fig.  4-8.  The  sample  to  be  imaged  is 
cleaved  to  a  size  smaller  than  the  stub  diameter  and  glued  to  it  using  conducting  silver 
paste.  Larger  samples  may  be  placed  on  a  larger  sample  holder.  Sometimes,  it  is 
convenient  to  glue  more  than  one  sample  on  the  larger  holder  and  image  then  one  by  one 
inside  the  SEM,  instead  of  breaking  vacuum  to  remove  the  smaller  stub  and  glue  a  new 
sample  on.  The  holder  is  then  introduced  into  the  chamber  and  pumped  down.  Following 
this,  the  sample  is  imaged  in  the  conventional  manner.  The  sample  can  be  tilted  to  any 
angle  from  0  to  90  °.  This  helps  in  getting  a  3D  perspective  of  the  sample  surface  and  the 
cross  section  of  the  interface  between  layers  or  layer  and  substrate. 
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30  mm 


Figure  4-8.  SEM  sample  stubs. 

— Atomic  Force  Microscopy  (AFM) 

AFM  is  a  variation  on  a  method  of  imaging  surfaces  with  atomic  or  near-atomic 
resolution  called  scanning  probe  microscopy  (SPM).  A  small  tip  scans  across  the  surface 
of  a  sample  in  order  to  construct  a  3-D  image  of  the  surface.  Fine  control  of  the  scan  is 
accomplished  using  piezoelectrically  induced  motions.  Any  type  of  surface  can  be  probed 
by  the  molecular  forces,  which  are  exerted  by  the  sample  surface  against  the  tip.  The  tip 
can  be  constantly  in  contact  with  the  surface;  or  it  can  gently  tap  the  surface  while 
oscillating  at  high  frequency;  or  it  can  be  scanned  just  minutely  above  the  surface.  The 
main  advantages  of  using  an  AFM  are: 

•  Measurements  made  under  ambient  conditions 

•  Little  or  no  sample  preparation  or  alteration 

•  Surface  images  are  digitally  acquired,  stored,  and  manipulated 

•  The  roughness  of  the  sample  surface  can  be  quantified. 

The  instrument  used  in  this  project  is  a  Nanoscope  Dimension™  with  integrated 
acoustic/vibration  isolation  system  manufactured  by  Digital  Instruments  in  California,  as 
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seen  in  Fig.  4-9.  It  is  a  low-noise  system  specifically  designed  to  produce  measurements 
at  the  nanometer  (lateral)  and  sub-angstrom  (vertical)  scales.  The  isolation  system  allows 
to  image  surfaces  with  roughness  levels  of  <  10  nm  RMS,  where  ground  vibration  and/or 
acoustic  noise  are  prevalent.  A  sample  of  maximum  diameter  15mm  can  be 
accommodated  on  this  instrument.  The  sample  is  initially  viewed  using  a  CCD  camera 
and  imaged  on  a  computer  monitor.  The  area  that  needs  to  be  imaged  using  the  AFM  can 
be  first  selected  and  the  cantilever  is  brought  down  until  it  makes  contact  with  the 
sample.  The  cantilever  tip  then  scans  over  the  desired  area  and  the  scanned  image  is 
displayed  on  the  monitor.  Scan  area  of  up  to  100  |im  by  100  pm  can  be  imaged. 


Figure  4-9.  The  Nanoscope  Dimension™  AFM  with  integrated  acoustic/ 
vibration  isolation  system  manufactured  by  Digital  Instruments  in  CA 
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— Hall  Effect  Measurement 

To  accurately  measure  the  resistivity,  sheet  resistance  and  carrier  concentration 
directly,  the  most  common  method  uses  the  Hall  effect.  1151  Fig.  4-10  shows  the  basic 
setup  1161  where  an  electric  field  is  applied  along  the  axis  x  and  a  magnetic  field  is  applied 
along  the  axis  z.  Consider  a p- type  sample.  The  Lorentz  force  (qvx  x  B:)  exerts  an  average 
downward  force  on  the  holes,  and  the  downward-directed  current  causes  a  piling  up  of 
holes  at  the  bottom  side  of  the  sample,  which  in  turn  gives  rise  to  an  electric  field  Ey. 
Since  there  is  no  net  current  along  the  y  direction  in  the  steady  state,  the  electric  field 
along  the  axis  y  (Hall  field)  exactly  balances  the  Lorentz  force.  This  Hall  field  can  be 
measured  externally  and  is  given  by 

Ey=(Vy!W)  =  R„JxB,  , 

where  R h  is  the  Hall  coefficient  and  is  given  by  [1?l 

Rh  -  r — — — -  ,  where  b  =  — ,  and  r=<T2  >  /  <T>2 . 

q(p  +  bn)2  pp 


Figure  4-10.  Basic  setup  of  Hall  effect  measurement 
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The  parameter  T  is  the  mean  free  time  between  carrier  collisions,  which  depends  on  the 
carrier  energy.  The  parameters  ju„  and  jup  are  the  electron  and  hole  drift  mobility, 
respectively. 

In  this  study,  we  use  a  Hall  and  Van  Der  Pauw  measurement  system  from  MMR 
Technology.  It  includes  a  K-20  programmable  temperature  controller,  H-50  Hall  and  Van 
Der  Pauw  controller,  MPS-50  programmable  power  supply,  M-50  benchtop 
electromagnet,  MMR  thermal  stage  with  cryogenic  refrigerator,  Dewar  and  vacuum 
accessories.  System  control  is  provided  by  an  IBM  compatible  computer.  The  K-20 
temperature  controller  adjusts  and  maintains  the  temperature  of  the  MMR  thermal  stage 
over  a  wide  temperature  range,  with  high  accuracy  and  stability.  The  H-50  Hall  and  Van 
Der  Pauw  controller  provides  four  probe  method  measurements  of  the  electrical 
parameters  of  the  samples.  The  M-50  benchtop  electromagnet  provides  the  magnetic  field 
over  the  studied  sample  and  the  MPS-50  programmable  power  supply  controls  the 
magnitude  of  that  magnetic  field.  These  scientific  instruments  were  designed  as  separate 
computer  controlled  devices.  This  MMR's  Hall  System  allows  the  user  to  make  automatic 
measurements  of  resistivity,  mobility  and  carrier  concentration  of  a  wide  range  of 
samples  using  the  Van  Der  Pauw  method  over  a  temperature  range  from  80  K  to  400  K. 

4.3.2  Structural  properties  of  SiC  films  measured  by  XRD 

The  0-20  XRD  spectra  for  SiC  films  grown  on  S^N^Si  at  different  growth 
temperature  are  shown  in  Fig.  4-11.  The  spectra  were  normalized  by  the  thickness  of  SiC 
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films.  These  spectra  show  that 
poly-crystalline  SiC  films 
oriented  in  the  <11 1> 
direction  were  obtained  at 
growth  temperatures  from 
1 150°C  to  1250°C.  No  other 
orientations  of  SiC  films  were 
detected.  The  normalized 
XRD  intensity  of  the  SiC 
(111)  peak  is  plotted  in  Fig.  4- 
12  as  a  function  of  growth 
temperature.  As  expected,  the 
SiC  <11 1>  signal  increased 
with  temperature  from 

1100°C  to  1200°C,  but 
decreased  when  the 

temperature  was  increased  to 
1250°C. 

To  understand  the 
cause  for  this  decrease,  we 
investigated  the  properties  of 
the  SkN4  layer  under 

annealing  conditions  chosen 


20  angle  (°) 

Figure  4-11.  Normalized  XRD  spectra  for  SiC  films 
grown  on  S^N^Si  at  different  temperatures.  Flow 
rates:  30  seem  3MS,  1  seem  N2. 


1050  1100  1150  1200  1250  1300 


20  angle  (°) 

Figure  4-12.  Normalized  XRD  intensity  of  the  SiC  (111) 
peak  as  a  function  of  growth  temperature.  Flow  rates 
constant  at  30  seem  3MS  and  1  seem  N2. 
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FWHMofSiC  (111)  peak  (°) 


to  simulate  the  SiC  growth 
process.  Fig.  4-13  contains 
XRD  spectra  of  the  SfdSU 
layers  annealed  at  temperature 
from  1100°C  to  1250°C.  The 
spectra  indicate  that  the 
layer  remains  amorphous  after 
anneals  up  to  1200°C  for 
several  minutes.  However,  after 
annealing  at  1250°C,  two  XRD 
peaks  at  20  angles  of  26.437° 
and  35.350°  are  observed.  The 
peaks  correspond  to  a-SkN4  <200>  and  <210>  directions.  We  suspect  that  the 
crystallization  of  SkN4  layer  could  be  the  reason  for  the  decrease  of  XRD  signal  of  SiC 
<1 1 1>  orientation  at  a  growth  temperature  of  1250°C.  Interestingly,  the  full  width  at  half 
maximum  (FWHM)  of  the  SiC  (111)  XRD  peak  decreases  monotonically  with  increasing 
SiC  growth  temperature,  ranging  from  0.25°  at  1100°C  to  0.18°  at  1250°C. 

The  effect  of  3MS  flow  rate  on  the  crystallinity  of  the  SiC  films  was  also 
investigated.  Fig.  4-14  indicates  that  increasing  the  3MS  flow  rate  in  a  certain  range  at  a 
growth  temperature  of  1200°C  results  in  a  significant  increase  in  the  XRD  intensity  and  a 
slight  decrease  in  the  FWHM  of  SiC  (111)  peak.  In  the  following  Hall  effect 


Figure  4-13.  XRD  spectra  of  Si:,N4  layer  un¬ 
annealed  and  annealed  at  the  temperatures  used 
for  SiC  growth. 
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measurement,  we  investigated  how  the  crystallinity  affects  the  resistivity  and  sheet 
resistance  of  SiC  films  grown  under  various  conditions. 
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Figure  4-14.  Normalized  XRD  intensity  and  FWHM  of  SiC  (111) 
peak  as  a  function  of  3MS  flow  rate.  Growth  temperature  is  1200°C 
and  N2  flow  rate  is  1  seem. 


4.3.3  Electrical  properties  of  SiC  films  grown  with  constant  1  seem  N2  flow  rate 


Fig.  4-15  shows  the  resistivity  and  sheet  resistance  of  SiC  films  as  a  function  of 
growth  temperature  with  flow  rates  of  30  seem  3MS  and  1  seem  N2.  The  lowest 
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resistivity  and  sheet 

resistance  were  obtained  at 
1200°C,  which  also 

resulted  in  the  best 
crystallinity  as  seen  in  the 
XRD  data  of  Fig.  4-11  and 
Fig.  4-12. 

By  increasing  the 
3MS  flow  rate  we  observed 
that  the  resistivity  and  sheet 
resistance  decreased,  as 
shown  in  Fig.  4-16,  while 
the  normalized  XRD 
intensity  of  the  SiC  (111) 
peak  increased  (see  Fig.  4- 
14).  These  results  are 
consistent  with  the  general 
observation  that 
improvements  in 
semiconductor  yield 
improved  electrical 
properties. 


Figure  4-15.  Resistivity  and  sheet  resistance  of  SiC 
films  at  300K  as  a  function  of  growth  temperature. 
Flow  rates:  30  seem  3MS  and  1  sccmN2. 


Figure  4-16.  Resistivity  and  sheet  resistance  of  SiC 
films  at  300  K  as  a  function  of  3MS  flow  rate. 
Growth  temperature:  1200°C,  N2  flowrate:  1  seem. 
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Sheet  resistance  ( Q/D)  Normalized  Sheet  resistance  (Q.gm/D) 


4.3.4  Electrical  properties  of  SiC  films  versus  different  N2  flow  rates 


The  effect  of  the  N2  flow  rate  on  the  SiC  electrical  properties  was  studied  for  two 
sets  of  growth  conditions.  The  first  used  a  lower  3MS  flow  rate  (25  seem)  at  1250°C, 
while  the  second  used  a 


higher  3MS  flow  rate  (40 
seem)  at  1200°C.  The  N2 
flow  rate  was  varied 
from  0  seem  to  10  seem. 
For  both  sets  of 
operating  parameters,  the 
data  of  Fig.  4-17  show 
the  same  trend  of 
decreasing  resistivity  and 
sheet  resistance  with 
increasing  N2  flow  rate. 
This  indicates  that  an 
increasing  number  of  N 
atoms  incorporated  into 


N2  flow  rate  (seem) 


the  SiC  film  helps  to 
lower  the  resistivity  and 
sheet  resistance. 


Figure  4-17.  Resistivity  and  sheet  resistance  of  SiC  films 
at  300K  as  a  function  of  N2  flow  rate:  (a)  growth 
temperature:  1200°C,  3MS  flow  rate:  40  seem;  (b) 
growth  temperature:  1250°C,  3MS  flow  rate:  25  seem. 
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4.3.5  Surface  morphology  of  SiC  films  examined  by  SEM  and  AFM 


The  surface  and  interface  quality  was  examined  by  SEM.  As  shown  in  Fig.  4-18, 
the  surface  morphology  of  SiC  film  becomes  worse  with  increasing  growth  temperature, 
while  the  SiC-Si3N4  interface  is  very  smooth  and  free  of  voids  for  all  samples.  Clearly, 
the  Si3N4  layer  prevents  Si  out-diffusion  from  the  substrate  and  subsequent  reaction  with 
C  or  H  from  the  gas  phase,  which  causes  the  formation  of  voids  at  the  SiC-Si  interface 
during  growth  directly  on  a  Si  substrate  or  layer. 


Figure  4-18.  SEM  micrographs  of  SiC  thin  films  grown  on  Si3N4/Si  structures  with  30 
seem  3MS  and  1  seem  N2  at  the  following  temperatures:  (a)  1 100°C;  (b)  1 150°C;  (c) 
1200°C;  (d)  1250°C. 
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Fig.  4-19  compares  SiC  growth  rate  and  surface  roughness  as  a  function  of  growth 
temperature  that  is  also  clearly  revealed  by  3-D  AFM  micrographs  in  Fig.  4-20.  The  root 
mean  square  (RMS)  roughness  measured  by  AFM  and  the  growth  rate  both  increase  with 
increasing  growth  temperature,  which  conforms  to  the  results  of  surface  morphology 
observed  by  SEM.  The  SiC  film  thickness,  measured  using  cross-sectional  SEM,  ranges 
from  0.7  to  3  pm.  The  growth  rate  obtained  at  the  optimum  temperature  of  1200°C  is 
about  0.5  pm/mi n,  while  the  RMS  surface  roughness  is  approximately  40  nm. 


1100  1150  1200  1250 

Growth  temperature  (°C) 


Figure  4-19.  Growth  rate  and  surface  roughness  of  SiC  fdms  versus 
growth  temperature. 
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Figure  4-20.  AFM  micrographs  of  starting  S^NVSi  surface  and 
SiC  film  surface  grown  at  1100°C  and  1200°C.  Flow  rates:  30 
seem  3MS,  1  seem  N2. 
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4.3.6  Initial  efforts  on  MEMS  fabrication 


SiC  film  samples  grown  on  S^N^Si  (100)  substrate  materials  were  patterned  and 
processed  in  initial  MEMS  fabrication  efforts.  The  previous  results  on  SF6  RIE  etching  of 
SiC/SfiNVSi  and  SiC/poly-Si/SfiNVSi  MEMS  structures  done  by  J.  Scofield  [21  are 
shown  in  Fig.  4-21.  It  has  shown  that  LPCVD  conformal  growth  of  SiC  on  low-stress 
amorphous  Sfi^  layer  is  successful.  Simple  MEMS  structures  such  as  cantilevers,  lateral 
resonators  and  resonating  membranes  have  been  fabricated.  The  film  stress  was  measured 
by  using  bent-beam  strain  gauges.  The  deflecting  angle  of  our  bent-beam  is  6°.  The 
residual  stress  generated  by  a  bimorph  involving  a  SiC  thin  film  has  been  estimated  at 
~188  MPa.  Lateral  deflection  of  the  supporting  beam  vernier  structures  correlates  directly 
to  the  stress  in  the  deposited  film.  Young’s  Modulus  for  our  SiC  films  of  E  =  426  GPa 
used  for  stress  calculations  was  obtained  from  MEMS  resonance  measurements  for  SiC 
films. 


Figure  4-21.  SEM  micrographs  of  SiC  MEMS  structures:  (a)  film  strss  diagnostic 
indicator  gauge;  (b)  residual  stress  cantilever  beams. 
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In  this  study,  we  used  inductively  coupled  plasma  etching  with  NF3/Ar  mixtures, 
which  give  higher  etch  rate  and  lower  damage  than  RIE  etching.  As  discussed  in  Chapter 
5,  vertical  sidewalls  indicating  high  anisotropy  NF3/Ar  etching  have  been  obtained  under 
specific  etching  conditions. 

4.4  Conclusion 

We  have  reported  on  the  fabrication  and  properties  of  SiC  structures  for  high 
temperature  MEMS  applications.  The  MEMS  device  requires  the  growth  and  doping  of 
SiC  thin  films  on  amorphous  Si3N4  layers  on  Si  substrates.  The  SiC  films  were  grown  by 
CVD  with  the  single  organosilane  trimethylsilane,  while  the  in-situ  doping  was 
performed  by  addition  of  N2  into  the  reaction  chamber.  A  resistivity  of  75Q/n  was 
measured  for  the  doped  SiC  film  when  operating  the  structure  at  400K.  MEMS  structures 
such  as  cantilevers,  lateral  resonators  and  membranes  were  successfully  fabricated. 
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CHARPTER  5.  PATTERNING  OF  SiC  THIN-FILM  ON  Si3N4/Si 


FOR  ROBUST  MEMS  APPLICATIONS 

5.1  Sample  preparation 

The  samples  used  were  SiC  thin-films  grown  on  Cronos’  0.5  pm  Sf^  at  1100 
and  1200  °C  by  the  LPCVD  described  in  4.2.1.  Thickness  of  the  fdms  is  between  2  to  3 
pm.  The  as-grown  SiC  films  were  polished  by  diamond  lapping  films  before  patterning. 
The  sample  size  is  about  1  x  1  cm  for  photolithography.  Then  each  sample  is  cleaved  into 
four  small  pieces  (5x5  mm  )  before  loaded  into  the  chamber. 

The  etching  was  carried  out  in  a  Plasma  Therm  790  reactor.  The  ICP  source  was 
powered  at  100-1000  W  (2MHz),  while  the  sample  chuck  was  separately  biased  with 
13.56  MHz  power  (40-150  W).  The  process  pressure  was  held  constant  at  2  mTorr,  with 
the  NF3  or  CI2  and  Ar  mixture  introduced  into  the  ICP  source  through  mass  flow 
controllers  at  a  total  gas  flow  rate  of  1 5  seem.  The  addition  of  Ar  can  facilitate  ignition  of 
the  plasma  at  low  pressure  and  to  enhance  the  ion-assisted  component  of  the  etching. 

5.2  Polishing  of  SiC  thin-film 

To  obtain  a  good  adhesion  of  masking  material  on  SiC  film  for  a  good  pattern 
transfer  during  the  etching  process,  a  good  surface  morphology  and  lower  RMS  surface 
roughness  are  required.  For  this  purpose,  prior  to  the  ICP  etching,  surface  polishing  was 
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performed  on  SiC  thin  film  by  using  0.5  pm  and  0. 1  pm  diamond  lapping  films  mixed 
with  water  sequentially.  The  improved  surface  morphology  and  reduced  surface 
roughness  after  polishing  are  shown  in  Fig.  5-1. 


Figure  5-1  SEM  micrographs  of  SiC  thin-film  grown  on  Si 3 N 4/S i  at  1200  °C  (a)  before 
polishing,  (b)  after  15  minutes  polish,  and  (c)  after  90  minutes  polishing  by  0.1  pm 
diamond  lapping  films. 


To  remove  the  damage  produced  on  the  SiC  surface  during  polishing,  a  dry 
oxidation  at  1200°C  followed  by  a  removal  of  the  oxide  layer  in  5%  HF  solution  was 
then  implemented.  The  effect  of  polishing  on  etching  results  is  reflected  in  Fig.  5-4  and 
Fig.  5-5. 
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5.3  Photolithography  and  ITO  liftoff 


Photolithography  is  a  technique  used  in  the  manufacturing  of  integrated  circuits  in 
which  nearly  coherent  light  is  used  to  transfer  the  pattern  of  mask  onto  a  photosensitive 
material  called  photoresist  (PR),  which  has  been  spread  over  the  wafer.  Photoresist  is 
used  to  mask  the  wafer  from  etching,  ion  implantation,  diffusion,  and  as  a  sacrificial  layer 


1.  (+)ve  PR  1818  application 


4.  Sputter  ITO  dielectric  layer 


2.  UV  expose  resist 
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5.  Liftoff  photo-resist 


3.  SiC  etch  and  ITO  strip-off 


Figure  5-2  Basic  steps  used  to  pattern  and  expose  photoresist,  and  liftoff  process. 
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during  steps  like  metal  liftoff.  The  basic  steps  to  perform  photolithography  and  liftoff 
process  for  etching  SiC  are  shown  in  Fig.  5-2.  In  the  liftoff  process,  a  thin  indium-tin- 
oxide  (ITO)  layer  as  masking  material  was  sputtered  on  photoresist  patterned  SiC  film 
(see  step  4).  Then  the  ITO  masking  pattern  was  defined  by  a  PR  lift-off  process. 

5.4  ICP  etching  of  SiC  thin-film 

5.4.1  Sample  loading 

As  shown  in  Fig.  5-3,  the  small  piece  sample  can  not  be  directly  put  on  2"  sample 
chuck.  It  was  mounted  on  to  a  2"  Si  supporting  wafer,  using  Shipley  1818  photoresist.  To 
promote  the  adhesion  of  sample,  a  dehydration  bake  was  performed  for  30  minutes  at 
120  °C. 


Figure  5-3  (a)  Top  view  of  2"  sample  chuck;  (b)  small  piece  sample 
adhesive  to  a  2"  Si  wafer. 
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5.4.2  Plasma  chemistries 


Both  Si  and  C  form  volatile  etch  products  in  either  F2- [1]’ [31  or  CE-based  |4]’ |S| 
plasma  chemistries  and  some  of  the  mixtures  employed  to  date  include  CHF3,  CBrF3,  SF6, 
CF4  or  NF3  in  the  former  category  and  CI2,  BCI3  and  SiC'U  in  the  latter.  Etch  rates  for  SiC 
in  the  range  of  1500  A/min  have  been  reported  for  both  ECR  and  ICP  tools  161  and 
fluorine  plasma  chemistries  produced  faster  rates  than  either  CI2-  or  Br2-based  mixtures. 
171  It  is  also  generally  found  that  NF3  produced  somewhat  faster  rates  than  SFr,  and  much 
faster  rates  than  carbon-containing  fluorides.  [8] 

In  this  study  we  report  on  the  achievement  of  high  etch  rates  and  very  clean 
etched  surface  for  SiC  thin-fdm  in  ICP  NF3/Ar  discharges.  The  results  about  the  effort  on 
the  ICP  etching  of  SiC  thin-film  in  CE/Ar  mixture  have  been  also  discussed.  Electronic 
grade  NF3  or  CI2  and  Ar  were  fed  into  the  chamber  through  mass  flow  controllers  at  total 
flow  rates  of  15  seem. 

5.4.3  Process  parameters  set-up 

The  initial  base  pressure  was  pumped  down  to  2x1 0“5  torr.  The  basic  operating 
procedure  for  ICP  etching  is  described  as  follows: 

1 .  Vent  the  chamber:  “Utilities  /  Vent; 

2.  When  it  shows  a  message  as  “atmospheric  pressure”  and  “Vent  Complete”,  open 
the  chamber.  Then  remove  the  ceramic  clamp.  Put  2"  Si  wafer  with  samples  on 
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the  holder.  Put  the  ceramic  clamp  back.  Close  the  chamber  lip; 

3.  Evacuate  the  chamber  to  0  mTorr  by  clicking  “Utilities  /  Pump  Chamber”; 

4.  Open  the  NF3  or  CI2  cylinder,  adjust  the  delivery  pressure  at  14  psi; 

5.  If  necessary,  write  or  edit  your  recipe  for  etching  process  by  “Process  /  Edit”.  All 
process  parameters,  including  chamber  pressure,  ICP  power,  RF  power  (biasing), 
gas  flow  rate,  substrate  temperature,  He  cooling  flow  rate  and  pressure,  and  etch 
time,  are  edited  and  saved  under  a  name  of  your  recipe; 

6.  Load  etching  recipe  by  clicking  “Process  /  Load  /  Recipe  Name”.  Change  to 
“Ready”  mode.  Then  click  “Run”; 

•  If  the  helium  cooling  control  has  a  problem  during  running,  click  “Hold”, 
it  can  be  solved  automatically. 

•  After  etching,  the  chamber  will  be  evacuated  and  purged  with  N2 
alternatively  for  3  times. 

7.  After  the  process  finished,  return  to  “Standby”  mode,  and  then  close  the  NF3  or 
CI2  cylinder; 

8.  Vent  the  chamber.  Take  the  sample  out; 

9.  Close  the  chamber.  Evacuate  it  to  0  mTorr; 

10.  Evacuate  the  lines  by  selecting  “Service  /  Maintenance  /  Evacuate  Gas  Line  /  Gas 
Name”.  Exit  when  the  flow  rate  is  less  than  0.5  seem. 

1 1 .  Load  recipe  from  “Process  /  Load  /  clean  up”.  Change  to  “Ready”  mode,  and  then 
click  “Run”. 

12.  After  finishing  clean-up,  stay  at  “Standby”  mode. 


For  all  experiments  on  ICP  etching  of  SiC  thin-films  grown  on  S^NVSi,  the  chamber 
pressure  during  etching  process  was  chosen  to  be  2  mTorr,  while  the  helium  cooling 
pressure  under  the  sample  chuck  was  5  mTorr.  The  substrate  temperature  was  set  up  to  25 
°C.  The  ICP  power  and  RF  power  ranged  from  100  ~  750  W  and  40  ~  250  W, 
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respectively.  Depending  on  the  selections  of  mask  material,  etching  chemistries  and  ICP 
plus  RF  power,  the  etch  time  varied  from  1  ~  10  minutes.  The  etched  sample  surface  and 
pattern  structure  were  inspected  by  SEM,  depth  profilometry,  and  optical  microscope. 

5.5  Results  and  discussion 


5.5.1  Improvement  of  etching  yield  on  polished  SiC  thin- films 


Fig.  5-4  and  Fig.  5-5  reveal  the  improvement  of  etching  yield  on  polished  SiC 
thin-films  with  two  different  ICP/RF  chuck  powers.  An  ITO  thin  layer  (~  300  nm)  acted 


Figure  5-4.  ICP  etching  of  unpolished 
and  polished  SiC  thin-films  grown  on 
Si3N4/Si  with  40  seem  3MS  at  1200  °C. 
ICP  power  /  RF  bias  power:  300  /  40  W. 


Figure  5-5.  ICP  etching  of  unpolished 
and  polished  SiC  thin-films  grown  on 
Si3N4/Si  with  40  seem  3MS  at  1200  °C. 
ICP  power  /  RF  bias  power:  200  /  40  W. 
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as  an  etching  mask  layer.  The  RMS  surface  roughness  of  polished  and  unpolished  SiC 
thin-films  is  about  5  nm  and  50  nm,  respectively.  Obviously,  the  adhesion  of  mask 
material  to  polished  SiC  thin-fdms  is  much  better  than  that  to  unpolished  SiC  thin-films. 
These  tell  that  a  low  surface  roughness  less  than  10  nm  with  good  surface  morphology  is 
highly  required  for  a  reliable  bond  between  mask  and  device  layers  during  ICP  etching. 

5.5.2  Effects  of  ICP  source  power,  RF  chuck  power  and  NF3  %  on  etch  rate 

Fig.  5-6  shows  the  effect  of  ICP  source  power  on  SiC  etch  rates  in  10  seem  NF3 
and  5  seem  Ar  discharges  with  40W  RF  chuck  power,  2  mTorr  chamber  pressure,  and  25 
°C  substrate  temperature.  Here,  ITO  thin- film  as  mask  layer  was  applied  on  all  samples. 
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Figure  5-6.  Effect  of  ICP  source  power  on  etch  rates  of  SiC  thin-films  with 


total  gas  flow  rate  of  15  seem,  while  SiC  thin-films  were  grown  on  Si3N4/Si 


with  40  seem  3MS  at  1200  °C. 
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One  would  expect  the  etch  rates  to  increase  initially  as  source  power  was  increased  due  to 
the  higher  ion  flux  and  dissociation  of  the  NF3,  but  as  the  conductivity  of  the  discharge 
increases  the  DC  chuck  self-bias  incident  ion  energy  is  also  reduced.  The  tradeoff  of 


these  two  effects,  i.e. 
increasing  ion  flux  and 
reactive  neutral 

concentration  versus 
reduced  ion  energy, 
leads  to  the  observed 
trends  in  the  data  in  the 
figure. 


Moreover,  the 
effect  of  1CP  power  on 
surface  morphology  of 
the  etched  SiC  films 
was  examined  by  SEM 
shown  in  Fig.  5-7.  The 
smoothest  surface 
morphology  was  given 
by  the  lowest  etch  rate 
(~175A/min)  in  100W 
1CP  discharge,  while 
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Figure  5-7  (a)  Schematic  of  ICP  etched  SiC/SENVSi 
structure  with  ITO  mask  layer,  and  SEM  micrographs 
of  the  etched  SiC  patterns  in  10NF3/5Ar,  2  mTorr,  25 
°C  substrate  temperature,  40W  RF  chuck  power  and 
(b)  100W,  (c)  200W,  (d)  300W  ICP  power  discharges. 
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Unetched  SiC  layers 


the  roughest  one  was  yielded  from  the  highest  etch  rate  (~865A/min)  in  200W  ICP 
discharge.  These  results  indicate  that  higher  ion  energy  produces  heavier  ion 
bombardment,  which  makes  etched  surface  rougher. 


Fig.  5-8  shows  the  influence  of  RF  chuck  power  on  SiC  etch  rates  at  fixed  ICP 
source  power  (400W).  The  SiC  films  used  were  grown  with  30  seem  3MS  at  1 100  °C. 


30  40  50  60  70  80  90  100  110 

RF  chuck  power  (W) 


Figure  5-8  Etch  rates  of  SiC  as  a  function  of  RF  chuck  power  in  10NF3/5Ar,  2 
mTorr,  25  °C  substrate  temperature,  and  400  W  ICP  source  power  discharges. 


For  SiC  there  is  a  monotonic  increase  in  etch  rate  with  bias,  which  again  emphasizes  the 
strong  role  of  ion  energy  in  the  etching  mechanism.  The  average  ion  energy  is  the  sum  of 
the  DC  self-bias  voltage  and  plasma  potential  (roughly  ~20  V  in  this  tool).  As  shown  in 
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the  inset  picture  in  Fig.  5-8,  vertical  side-wall  can  be  achieved  at  only  40  W  RF  chuck 
power.  For  100  W  RF  chuck  power,  the  etch  rate  reaches  -2100  A/min  maximum  value. 

The  effect  of  NF3  percentage  in  NF3/Ar  on  SiC  removal  rates  is  shown  in  Fig.  5-9, 
for  fixed  ICP  source  power  of  400  W,  RF  chuck  power  of  40  W,  and  chamber  pressure  at 
2  mTorr.  The  SiC  films  etched  were  also  grown  with  30  seem  3MS  at  1 100  °C. 
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Figure  5-9  Effect  of  NF3  %  in  NF3/Ar  on  SiC  removal  rates. 

Increasing  the  NF3  percentage  from  33  to  50%  results  in  an  increase  in  the  etch  rates  of 
SiC  films.  This  increase  is  mainly  due  to  the  more  etchant  species  introduced  into  the 
chamber,  which  results  in  an  increase  of  F  atomic  concentration,  leading  to  a  higher 
chemical  reaction  rate  at  the  sample  surface.  Further  increase  of  NF3  %  does  not  result  in 
significant  difference  in  etch  rate,  suggesting  that  the  ion  density  and  F  atomic 
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concentration  remain  approximately  constant  for  400  W  ICP  source  power  and  40  W  RF 
chuck  power.  The  DC  self-bias  also  stays  relatively  constant  with  plasma  composition. 
This  result  indicates  that  F  atomic  concentration,  not  ion  energy,  controls  etch  rate  under 
these  conditions. 

As  compared  to  the  etching  of  6H-SiC  bulk  material  in  10NF3/5Ar  discharges 
under  similar  conditions  in  the  same  Plasma- Therm  790  system,  161  the  ICP  and  RF  chuck 
powers  for  etching  our  SiC  films  are  about  50%  lower  than  that  for  6H-SiC  substrate,  but 
the  etch  rates  in  both  cases  are  close  to  each  other.  This  is  due  to  the  probable  lower 
crystalline  quality  and  bond  strength  of  the  SiC  films  relative  to  the  SiC  substrate. 

5.5.3  Possibility  to  directly  use  photoresist  as  mask  material 

The  ability  to  directly  use  photoresist  as  mask  can  simplify  the  patterning  process, 
compared  to  the  use  of  ITO  or  other  metal  materials  such  as  A1  or  Ni,  which  require 
liftoff  process.  In  1996  G.  McDaniel  et  al.  reported  the  direct  use  of  either  AZ5209E 
photoresist  or  PMMA  as  mask  material  for  the  etching  of  6H-SiC  bulk  materials  in  an 
Astex  4400  ECR  system.  141  Later  J.  J.  Wang  et  al.  reported  again  the  use  of  AZ5209E 
photoresist  as  mask  for  the  etching  of  6H-SiC  bulk  materials  in  a  Plama- Therm  790  ICP 
system.  |61, 1 91  However,  the  selectivity  was  very  low  under  the  conditions  of  250W  RF 
chuck  power  and  1000  ~  1500  W  ICP  source  power  that  are  required  for  the  etching  of 
SiC  substrate.  In  this  study,  since  we  can  use  very  low  RF/ICP  power  (40/100  W)  to  etch 
our  SiC  thin-films,  it  is  possible  to  obtain  a  reasonable  etch  selectivity  using  photoresist 
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as  mask  material  for  the  ICP  etching.our  SiC  thin-films,  it  is  possible  to  obtain  a 
reasonable  etch  selectivity  using  photoresist  as  mask  material  for  the  ICP  etching. 


Figure  5-10  SEM  micrographs  (tilt  60°)  of  PR  1818  patterns  on  (a)  polished 
SiC  and  (b)  unpolished  SiC  films  before  ICP  etching. 


Shipley  positive  photoresist  1818  (PR  1818), 
one  of  the  cheapest  mask  materials,  has  been 
evaluated  as  a  possible  mask  for  etch  of  the 
SiC  films  under  the  low  RF/ICP  power 
conditions.  The  total  gas  flow  rate  was  15 
seem  (10NF3/5Ar),  while  the  operating 
pressure  was  kept  constant  at  2  mTorr  and 
the  substrate  temperature  was  set  to  25  °C. 
Fig.  5-10  shows  a  PR  pattern  on  the  polished 
and  unpolished  SiC  films  grown  with  40 
seem  3MS  at  1200  °C  before  etching.  Due 


Figure  5-11.  SEM  micrographs  of  SiC 
etched  patterns  after  stripping  off  PR. 
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the  restriction  in  the  lithography  process,  a  large  edge  slope  was  made  with  about  30  0 
angle  to  the  interface  of  PR-SiC  film.  Thickness  of  the  PR  layer  in  central  pattern  area  is 
about  1.8  pm. 

Fig.  5-11  shows  our  first  results  on  using  PR  1818  as  mask  material  for  the  etch  of 
polished  SiC  in  40W  RF  chuck  power,  107  -V  DC  self-bias  and  200W  ICP  power 
discharge  for  10  minutes.  The  etched  SiC  patterns  were  obtained  after  stripping  off  the 
photoresist.  Although  the  patterns  remain  the  large  edge  slope  due  to  the  low  resolution 
of  photolithography,  it  is  promising  to  use  PR1818  as  the  mask  for  SiC  ICP  etching  under 
the  low-power  conditions.  In  the  mean  time,  there  was  no  etched  pattern  found  from  the 
unpolished  SiC  samples,  indicating  that  the  adhesion  of  PR  layer  to  the  unpolished  (rough) 
sample  surface  was  very  poor. 

5.5.4  Initial  efforts  on  SiC  etching  in  ICP  CF/Ar  discharges 

The  possibility  to  directly  use  photoresist  as  mask  material  enables  the 
investigation  on  SiC  etching  in  ICP  CF/Ar  discharges.  The  purpose  to  use  CF/Ar  gas 
mixture  is  to  find  an  alternative  etchant  for  SiC  etching  with  low  damage.  Usually, 
chloride  or  Cl  ions  will  not  etch  PR1818  chemically,  but  can  have  a  chemical  reaction 
with  ITO  and  etch  it  away  very  fast.  On  the  other  hand,  the  lower  electrical  negativity  of 
chlorine  than  that  of  fluorine  will  result  in  lower  etch  rate  of  the  SiC  film  in  CF/Ar 
compared  to  MF/Ar  under  same  etching  conditions.  To  get  the  similar  etch  rate,  we  first 
etched  PR-patterned  SiC  film  (grown  with  40  seem  3MS  at  1200  °C)  in  20Cl2/5Ar,  6 
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mTorr,  25  °C  substrate  temperature,  100W  RF  chuck  power,  -181V  DC  self-bias  and 


500W  ICP  source  power  discharge.  The  initial  etched  result  is  shown  in  Fig.  5-12.  An 
etch  rate  of  ~  1480  A/min  was 
obtained  under  this  condition. 

The  overall  etched  surface  is 
very  smooth.  The  surface 
morphology  is  much  better 
than  all  samples  etched  in 
10NF3/5Ar  discharges.  There 
are  some  small  spikes  on  the 
etched  surface,  suggesting  that 
an  optimization  on  etching 
process  is  required  for  better 

results.  However,  the  result 

shows  a  promise  of  using  Figure  5-12.  SEM  micrographs  of  (a)  PR  patterns 

on  SiC  film  before  ICP  etch  and  (b)  etched  SiC 

CE/Ar  with  low  RF/ICP  power 

patterns  in  20Cl2/5 Ar,  1 00/500  W  RF/ICP  powers 
for  dry  etch  of  the  SiC  films  for  discharges  after  stripping  off  PR1 8 1 8. 

MEMS  applications. 

5.6  Conclusion 


Initial  fabrication  of  MEMS  structures  by  inductively  coupled  plasma  (ICP)  dry 
etching  (Fig.  5-13)  has  shown  that  LPCVD  conformal  growth  of  SiC  on  low-stress 
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amorphous  Si3N4  layer  is  successful.  A  physically  polishing  process  has  been  developed 
to  improve  the  SiC  surface  morphology  for  better  etching  yield.  Under  the  low  RF/ICP 
power  conditions,  NFs/Ar  gaseous  mixture  was  utilized  to  produce  smooth  surfaces  that 
are  free  of  hydrogen  passivation  effects.  The  vertical  side  walls  indicating  high 
anisotropy  of  NF3/Ar  etching  has  been  obtained  under  certain  conditions.  The 
dependence  of  etch  rate  on  etching  conditions  (such  as  gases  ratio,  ICP  power,  RF  chuck 
power  and  DC  bias)  has  been  studied.  PR  1818  photoresist  has  been  evaluated  as  a  mask 
material  for  SiC  etching  in  both  NF3/AJ  and  Cfi/Ar  discharges.  CF/Ar  shows  promise  for 
ICP  etching  of  the  SiC  film  under  certain  condition.  Further  efforts  on  optimizing  etching 
conditions  are  required  for  high  etch  rate  with  low  damage. 


Figure  5-13  SEM  micrographs  of  SiC 
surface  micromachined  MEMS  structures: 
film  stress  diagnostic  indicator  gauges. 
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CHAPTER  6.  SiC  THIN-FILM  FABRY-PEROT 


INTERFEROMETER  FOR  FIBER-OPTIC  TEMPERATURE 

SENSOR 


6.1  Introduction 

6.1.1  Motivation  —  Fiber-optic  temperature  sensors  for  flight  control  technologies 

Efficient,  high  speed,  all-optic  systems,  which  utilize  photons  rather  than 
electrons  to  carry  information,  is  currently  an  important  area  of  research.  [1]’ [2]  Photons 
have  several  advantages  over  electrons,  i.e.  they  have  a  higher  information-carrying 
capacity,  do  not  lose  energy  as  quickly  as  electrons,  and  can  pass  near  one  another 
without  generating  cross  talk.  Optical  circuits  have  a  strong  potential  not  only  to 
significantly  reduce  weight,  volume,  and  cost  reduction  but  they  also  are  highly  immune 
to  electromagnetic  interference  (EMI),  which  is  particularly  critical  for  the  operation  of 
the  aircraft  control  systems.  Even  tiny  amounts  of  radiation  from  the  electronic  devices 
inside  the  civil  plane  can  leak  through  cabin  windows  to  antennae  on  the  outside  of  the 
airplane,  interfering  with  its  operating  systems. 

Two  important  advanced  flight  control  technologies  are  currently  being  pursued: 
fiber  optic  control  signaling  Fly-By-Light  (FBL)  and  electric  actuation  Power-By-Wire 
(PBW).  Both  these  technologies  are  key  to  achieving  the  flight  control  technology  effort 
objectives  of  reduced  control  system  weight  and  reduced  development  cost  and  time  for 


111 


the  National  Fixed  Wing  Vehicle  (FWV)  Technology  Program.  The  FBL  technology  is 
the  replacement  of  electronic  data  transmission,  mechanical  control  linkages,  and 
electronic  sensors  with  optical  components  and  subsystems.  Installing  lightweight,  highly 
reliable,  highly  electromagnetically  immune  fiber  optic  control  components  on  the 
aircraft  will  lower  initial  acquisition  and  direct  operating  costs,  reduce  weight,  and 
increase  aircraft  performance  and  reliability.  [3]’  [4]  However,  the  state-of-the-art  FBL 
systems  do  not  take  full  advantage  of  the  photonics  technologies.  A  true  FBL/PBW 
system  will  require  a  simple  lightweight  interface  where  an  optical  signal  provides  the 
control  and  feedback  signals  to  the  vehicle  management  system  computer  (VMSC)  box. 
The  technology  gap  lies  in  the  area  of  optically  controlled  motors  and  actuators  as  well  as 
optically  triggered  distributed  passive  sensors,  which  could  be  connected  via  a  single 
optical  bus.  The  replacement  of  conventional  sensors  that  provide  absolute  measurements 
of  the  external  physical  parameters  for  flight  control  systems  by  fiber-optic  devices  is  one 
of  the  major  directions  in  the  development  of  second-generation  fly-by-light 
technologies.  An  additional  challenge  is  operation  of  such  fiber-optic  networks  in  harsh 
aircraft  environments,  where  such  conditions  as  high  temperature,  vibration,  multi-stress, 
EMI,  etc.  set  certain  requirements  for  the  materials  used.  For  example  for  the  motor 
failure  monitoring,  temperature  sensors  have  to  be  placed  on  the  bearings  housing,  where 
they  are  exposed  to  vibration  and  temperature  100%  of  the  motor  operation  time.  Or,  in 
design  and  testing  of  gas  turbine  engines,  real-time  data  about  such  physical  variables  as 
temperature,  pressure,  and  acoustics  are  of  critical  importance.  The  high  temperature 
environment  experienced  in  the  engines  makes  conventional  electronic  sensors  merely 
difficult  to  apply.  This  study  addresses  the  need  for  the  fabrication  of  second-generation 
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fiber-optic  temperature  sensors  for  the  use  in  the  flight  control  systems  in  harsh 
environments. 

6.1.2  Polycrystalline  SiC  for  fiber-optic  applications 

In  harsh  environments,  such  as  temperature  sensing  in  jet  turbine  engines  and 
compressors,  high  temperature,  robust  materials  are  required.15'  SiC  is  well  known  as  a 
wide  bandgap  semiconductor  with  superior  thermal,  mechanical,  electrical,  and  chemical 
properties  for  the  applications  at  high  temperature  in  harsh  environments.  Current 
research  mostly  focuses  on  electrical  devices  using  single-crystal  SiC.  However,  the  high 
cost  of  high  quality  single-crystal  SiC  is  still  an  obstacle  to  commercialization.  This  has 
encouraged  some  investigation  |61’ [71,  [S|  of  lower  cost  polycrystalline  SiC  films  for  various 
device  applications.  Furthermore,  device  operation  at  high  temperature  also  requires 
stable  and  reliable  electrical  contacts.  Another  approach  for  high  temperature  operation  is 
to  use  fiber-optic  technology  in  order  to  remove  the  need  for  electrical  contacts.  It  is  more 
economical  to  grow  poly-SiC  at  much  lower  processing  temperature  on  insulating 
substrates  than  to  grow  single-crystal  SiC  by  using  conventional  chemical  vapor 
deposition  (CVD)  technology.  Finally,  compared  to  Si-based  devices,  devices  based  on 
poly-SiC  can  operate  at  higher  temperatures  with  better  thermal,  mechanical  and 
chemical  properties.  Therefore,  the  ability  to  use  electrically  passive  poly-SiC  devices 
would  be  ideal  for  low-cost,  robust,  high  temperature  applications. 

A  fiber-optic,  spectrum-modulating  temperature  sensor  was  for  the  first  time 
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implemented  on  polycrystalline  SiC  in  Nanoelectronics  Laboratory  at  the  Department  of 
Electrical  and  Computer  Engineering  and  Computer  Science  of  University  of  Cincinnati 
in  2002. 191  The  details  on  the  fabrication  and  characterization  of  poly-SiC  Fabry-Perot 
interferometer  for  fiber-optic  temperature  sensor  will  be  illustrated  in  the  following 
sections. 


6.2  Preliminary  design  of  Fabry-Perot  temperature  sensor 


6.2. 1  Experimental  approach 


A  schematic  of  the  experimental  approach  is  shown  in  Fig.  6-1.  High-quality 


polycrystalline  SiC  films  are  grown  by  inexpensive  low-pressure  chemical  vapor 


deposition  (LPCVD)  technique  at  relatively  low  temperatures  on  transparent  substrates. 


Top  and  bottom  surfaces  of  such  a  SiC  film  will  serve  as  reflecting  interfaces,  or  mirrors, 
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Pol^-SiC 
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Figure  6-1  A  schematic  of  the  experimental  approach. 
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of  a  Fabry-Perot  interferometer,  with  SiC  as  a  cavity  medium.  Any  external  physical 
parameter  that  can  affect  the  optical  properties  of  the  SiC  medium  will  cause  changes  in 
the  light  propagation  inside  the  film.  An  optical  signal  entering  such  a  thin-film  SiC 
Fabry-Perot  interferometer  is  extremely  sensitive  to  the  perturbations  that  affect  the 
optical  path  length  between  the  two  mirrors.  Therefore,  measuring  changes  in  the 
parameters  of  reflected  light  will  provide  measurement  of  the  external  physical  parameter 
affecting  the  optical  signal.  A  more  detailed  description  of  the  principle  of  operation  of  a 
Fabry-Perot  interferometer  as  well  as  an  estimate  of  the  sensor’s  temperature  sensitivity 
are  given  in  the  following  section. 

6.2.2  Principle  of  operation  of  a  Fabry-Perot  fiber-optic  temperature  sensor  and  its 
temperature  sensitivity 

A  thin-film  Fabry-Perot  interferometer  shown  in  Fig.  6-2  is  one  type  of  spectrum- 
modulating  transducer  that  can  be  used  to  sense  a  number  of  different  physical 
parameters.  [101  The  separation  between  the  thin  film  boundaries,  L,  is  of  the  order  of 
magnitude  of  the  wavelength  so  that  interference  effects  occur.  [n|  During  operation,  the 
sensor  must  incorporate  some  mechanism  which  causes  the  interferometer’s  optical  path 
difference  (OPD)  to  be  a  stable  and  sensitive  function  of  only  the  parameter  to  be 
measured.  For  phase-modulated  sensors,  if  the  sensor  is  illuminated  by  a  broadband  light 
source,  the  positions  of  the  maxima  and  minima  of  the  sensor’s  output  spectrum  can  be 
used  to  determine  the  magnitude  of  the  sensed  parameter.  The  information  content  of  this 
type  of  spectrally  encoded  signal  is  unlikely  to  be  degraded  by  routine  variations  in  the 
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transmission  properties  of  the  fiber  link.  Besides  providing  a  high  degree  of  link- 
independence,  Fabry-Perot  type  sensors  can  be  compact  and  rugged,  and  they  can  provide 
both  high  sensitivity  and  stability. 1121 


Incoming 

light 


Out  coming 
light 


Optical  fiber 


Transparent  Insulating 
Substrate 


Fabry-Perot  Thin-Film 


4 


Reflection  at  two 
thin-film  end  faces 


Figure  6-2.  A  schematic  of  the  thin-film  Fabry-Perot  interferometer 
used  for  the  temperature  measurement. 


An  interferometer’s  spectral  transfer  function,  as  a  function  of  wavelength  A,  contains 
a  number  of  periodically  spaced  minima  and  maxima  positions  which  are  determined  by 
the  interferometer’s  OPD  expressed  in  the  following  term: 
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OPD  -  2n(  X,  T)  ■  L  ■  Cosdi 


(1) 


where  n(X,T),  L,  and  0;  represent  the  refractive  index  of  the  interferometric  medium, 


film  thickness,  and  incident  angle  of  light,  respectively.  For  normal  incidence,  the  one¬ 
way  phase  shift,  <f>,  of  the  output  spectrum  is  defined  as:  [10]’ 111,5 112,5  [13]’ [14]’ [15] 

it- OPD 


<S> 


(2a) 


or 


<f>  = 


2  it_niXjyL 
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(2b) 


where  0; «  0  and  cos0,  *  1 .  Since  <f>  is  independent  on  X,  assuming  the  film  thickness  L 


unrelated  to  X,  taking  a  differential  with  respect  to  X  on  equation  (2b)  gives: 
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Dividing  eq.  (3)  by  AT  yields: 
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The  temperature  sensitivity  is  defined  as:  113,5 1161 
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where  Kn  and  Kl  are  the  thermo-optic  coefficient  and  thermal-expansion  coefficient, 


respectively.  Substitution  of  equations  (6b)  and  (6c)  into  equation  (5)  gives: 


M> 

AT 


2 7t- n  ■  L 

A 


1  An  1  A  L 
n'  AT  +  L  AT 


(?) 


Assuming  Kn  »  kl,  we  have: 

A<I>  2  7l -L  An 
A  T~  A  AT 

Combining  equation  (4)  and  (8)  yields: 

A<f>  2  tt_L  1  A A 
A  T~  A  (  A  '  AT 


(8) 


(9) 


Assuming  that  the  temperature  is  determined  as  a  function  of  one  of  the  resonant 
wavelengths  (Xm),  equation  (9)  becomes: 


M>  _  2^--Z  1  AA 


(10) 


where  T0  is  arbitrarily  defined.  The  relative  temperature  sensitivity,  ks,  can  then  be 
approximated  by: 


i  M, 

UT„)  AT 


(11) 


This  definition  is  fundamental  and  critical  to  the  following  discussion  on  the  results  of 
temperature  sensing  measurement. 


Based  on  eq.  (2b),  the  following  derivations  explain  the  effects  of  film  thickness  and 
spectral  range  on  the  interference  pattern  of  Fabry-Perot  interferometers.  The  phase 
difference,  A<f>(X|,  Xi),  between  two  adjacent  minima  at  wavelength  and  Xi  can  be 
expressed: 
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or 


A  <S>(^ ,  12)  = 


(12a) 


Al=  -A^a,,/!,)  (12b) 

2 n- n  L 

where  A<f>(X|,  A,2)=27t  for  two  adjacent  minima.  The  wavelength  difference,  AXm,  at  two 
adjacent  minima  was  then  obtained: 

AA.=^  (13) 

Eq.  (13)  indicates  that  thicker  films  give  narrower  spacing  between  two  adjacent  minima, 
and  that  the  spacing  increases  with  wavelength.  These  effects  will  be  shown  in  the 
following  results. 

6.3  Substrate  selection 

For  the  operation  of  the  poly-SiC  thin-film  interferometer  at  high  temperature, 
proper  consideration  of  the  substrate  is  required.  First,  the  selected  substrate  should  be 
suitable  for  growth  of  poly-SiC  thin-films  by  CVD,  which  means  less  thermal  mismatch 
and  smooth  SiC-substrate  interface.  Second,  its  thermal,  mechanical,  and  chemical 
properties  should  be  reliable  and  stable  at  high  temperature.  Third,  the  substrate  should 
be  optically  transparent  to  the  light  source  used  for  the  temperature  sensing 
measurements.  Fourth,  because  the  temperature  sensor  is  required  to  be  immune  to 
electromagnetic  interference,  the  substrate  should  be  electrically  insulating  in  order  to 
eliminate  any  electrical  side  effect  on  the  sensor  performance.  Based  on  the  above 
considerations,  as  shown  in  Table  1-2,  single  crystalline  sapphire  substrate  appears  to  be 
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the  best  candidate  because  it  is  not  only  perfectly  suited  for  poly-SiC  growth  and  is 
transparent  to  a  broad  wavelength  spectrum  but  also  possesses  excellent  thermal, 
mechanical,  and  chemical  properties,  which  is  essential  for  the  device  operation  in  harsh 
environments.  In  addition,  its  availability  as  large  diameter  and  high  quality  substrates  is 
a  good  match  for  batch  processing.  In  this  section,  we  report  on  poly-SiC  thin-films 
grown  on  sapphire  substrates  and  on  the  fabrication  of  a  Fabry-Perot  interferometer  for 
fiber-optic  temperature  sensor,  which  can  operate  at  temperature  up  to  540  °C. 

6.4  Growth  of  SiC  thin-film  on  insulating  sapphire  substrate 

The  poly-SiC  films  were  grown  in  an  LPCVD  system.  The  details  of  the  system  can 
be  found  elsewhere.  1171  The  condition  of  the  reaction  chamber  and  information  on  carrier 
and  precursor  gases  were  previously  described.  [7]  In  order  to  reduce  contamination 
during  the  SiC  growth,  the  starting  sapphire  substrate  was  initially  cleaned  with  acetone, 
methanol,  and  de-ionized  water,  successively,  before  introducing  in  the  chamber.  Then, 
an  in-situ  clean  was  performed  with  1  slm  H2  at  1100  °C  for  30  seconds  prior  to  each  SiC 
growth  run.  For  all  SiC  growth  runs  reported,  the  hydrogen  flow  rate  was  1  slm,  while  the 
trimethylsilane  [(CH3)3SiH  or  3MS]  flow  rate  ranged  from  25  to  45  seem.  The  SiC 
growth  temperature  was  fixed  at  1100  °C.  The  growth  duration  was  varied  from  2  to  16 
minutes,  and  temperature  ramping  rate  was  set  to  25  °C/sec.  An  optical  pyrometer  was 
used  to  monitor  and  control  the  processing  temperature. 
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The  crystal  structure  of  the  poly-SiC  film  was  characterized  by  x-ray  diffraction 
(XRD).  The  surface  morphology  of  the  poly-SiC  film  and  the  SiC-sapphire  interface 
were  examined  by  scanning  electron  microscopy  (SEM).  The  surface  roughness  and 
morphology  of  the  poly-SiC  film  were  studied  by  atomic  force  microscopy  (AFM).  As 
shown  in  Fig.  6-3,  the  as-grown  poly-SiC  thin-film  on  sapphire  is  typically  semi¬ 
transparent  to  visible  light  and  brown  in  color. 


Figure  6-3.  SiC  thin-  films  grown  on  lxl  cm2  sapphire  substrate  with  (a) 
40  seem  3MS  for  8  min.  and  (b)  35  seem  3MS  for  12  min.  at  1100  °C, 
which  are  semi-transparent  to  a  flash  light. 
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6.4. 1  Effect  of  film  thickness  on  the  structural  properties 


To  investigate  the 
effect  of  film  thickness  on  the 
structural  properties  of  poly- 
SiC  thin-films,  the  3MS  flow 
rate  was  fixed  at  40  seem.  The 
film  growth  rate  is  in  the 
range  of  0.25  to  0.3  pm/min. 
Chemical  composition  and 
crystallinity  of  the  SiC  thin- 
films  were  obtained  from  their 
XRD  spectra,  as  shown  in  Fig. 
6-4.  The  poly-SiC  thin-films 
grown  for  8  and  5.5  minutes 
were  2.0  and  1.5  pm  thick, 
respectively.  They  were  both 
oriented  in  the  3C-SiC  <11 1> 
direction  with  a  20  peak  at 
35.5°  and  line  widths  between 
0.27°  ~  0.3°.  The  film  grown 
for  2  minutes  did  not  exhibit 
an  obvious  3C-SiC  <11 1> 


20  angle  (°) 


Figure  6-4  XRD  spectra  of  starting  sapphire 
substrate  and  SiC  films  grown  at  1 100  °C. 


Figure  6-5  Dependence  of  XRD  intensity  and 
thickness-normalized  XRD  intensity  of  3C-SiC 
(111)  peaks  on  film  thickness. 
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XRD  intensity  of  3C-SiC(1 1 1 )  peaks  (a.u.) 


peak.  No  other  crystal  orientation  was  detected  for  the  poly-SiC  films  within  the  XRD 
scan  range.  The  XRD  intensity  of  the  SiC  <11 1>  peak  is  seen  in  Fig.  6-5  to  increase 
monotonically  with  film  thickness.  Also  shown  in  Fig.  6-5,  the  XRD  intensity  normalized 
to  the  film  thickness  first  increases  rapidly  with  film  thickness  and  then  shows  saturation 
for  the  thicker  films.  This  is  mostly  due  to  the  mismatch  in  crystal  structure  and  thermal 
expansion  coefficient  between  the  sapphire  substrate  and  the  SiC  film.  The  disordered 
layer  at  the  interface  has  a  much  stronger  effect  on  a  relatively  thin  film.  As  the  film 
grows  thicker,  the  strain  is  released  and  the  film  becomes  “relaxed”,  with  the  inter-planar 
distance  reaching  its  normal  bulk  value.  |IS|  For  the  application  of  fiber-optic  temperature 
sensor,  the  film  thickness  and  structural  properties,  such  as  crystallinity  and  surface 
roughness,  affect  the  device  performance.  AFM  measurements  showed  additional  details 
on  the  effect  of  film  thickness  on  poly-SiC  surface  roughness  and  topology. 

As  a  thin-film  interferometer,  the  poly-SiC  acts  as  a  Fabry-Perot  etalon,  which 
consists  of  two  mirrors  of  reflectance  R\  and  R2  separated  by  the  poly-SiC  thin- film. [10] 
In  order  to  reduce  the  dispersion  of  reflected  light  at  the  two  mirrors,  both  end  surfaces 
(the  poly-SiC  top  surface  and  the  SiC-sapphire  interface)  are  required  to  be  optically  flat. 
The  optical  flatness  of  the  film  can  be  expressed  quantitatively  in  terms  of  surface 
roughness,  which  is  expected  to  be  much  smaller  than  the  wavelength  of  the  reflected 
light.  Figs.  6-6  and  6-7  show  the  surface  topology  and  root  mean  square  (RMS)  surface 
roughness  of  the  starting  sapphire  substrate  and  the  poly-SiC  films  studied  by  AFM.  The 
RMS  roughness  varied  from  —  1  -  8.5  nm  for  poly-SiC  films  with  different  thickness  and 
-0.84  nm  for  the  starting  sapphire  substrate.  All  measured  values  of  the  roughness  are 
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about  two  orders  of  magnitude  smaller  than  the  wavelength  in  the  spectral  range  (490  ~ 
1050  nm)  of  the  reflected  light,  in  other  words  quite  sufficient  for  our  purpose.  The  poly- 
SiC  surface  morphology  and  SiC-sapphire  interface  quality  were  also  examined  by 
scanning  electronic  microscopy  (SEM).  The  interface  is  smooth  and  free  of  voids,  as  seen 
in  Fig.  6-8. 


Sapphire 

substrate 


0.6  jim 
SiC  film 


1.5  pm 
SiC  film 


2.0  pm 
SiC  film 


Figure  6-6  AFM  micrographs  of  3D  surface 
topology  of  the  starting  sapphire  substrate 
and  of  SiC  films  with  different  thickness. 
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According  to  eq.  (5)  in  Section  6.2.2,  the  thicker  film  provides  the  higher 
temperature  sensitivity.  But  thicker  film  also  yields  rougher  surface  as  seen  in  Fig.  6-6, 
which  can  degrade  the  sensor  performance  because  rougher  surface  scatters  more 
reflected  light  at  the  end  face,  which  acts  as  the  mirror  of  Fabry-Perot  interferometer. 
Therefore,  we  selected  the  2  pm  thick  poly-SiC  film  for  the  temperature  measurement, 
which  will  be  discussed  in  Section  6.5.2. 
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Figure  6-7.  RMS  surface  roughness  of 
starting  sapphire  substrate  and  SiC  fdms 
vs.  film  thickness. 
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Figure  6-8  SEM  micrographs  of 
SiC  films  with  different  thickness 
(a)  1 .5  pm;  (b)  2  pm. 
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6.4.2  Effect  of  3MS  flow  rate  on  the  structural  properties 


The  3MS  flow  rate  is  another  key  parameter  to  determine  the  structural  properties 
of  poly-SiC  thin-films.  Different  3MS  flow  rates  could  result  in  differences  in  film 
crystallinity,  film  density,  grain  size,  stoichiometry,  surface  morphology  and  surface 
roughness,  hence  differences  in  film  refractive  index,  optical  path  difference  in  the  SiC 
Fabry-Perot  interferometer,  intensity  of  the  light  reflected  at  two  end  faces  of  the  thin- 
film,  as  well  as  temperature  sensing  performance  of  the  SiC  sensor. 


To  study  the  effect  of  3MS  flow  rate  on  the  structural  properties,  the  3MS  flow 
rate  was  varied  from  25 


to  45  seem.  The  fdm 
growth  rate  ranges  from 
0.01  to  0.321  pm  per 
minute  for  different 
3MS  flow  rate.  Based 
on  the  growth  rate,  the 
growth  time  was  set  up 
for  getting  ~2  pm  thick 
SiC  film.  From  Fig.  6- 
9,  the  higher  the  flow 


rate  of  3MS  gives  the 
higher  the  growth  rate 


Figure  6-9  Effects  of  3MS  flow  rate  on  growth  rate  and 
FWHM  of  3C-SiC(l  1 1)  XRD  peak  of  SiC  thin  fdms  grown 
on  sapphire  substrate  at  1100  °C 
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FWHM  of  3C-SiC  (111)  XRD  peak  (°) 


of  SiC  film.  Since  the  growth  rate  for  the  film  using  25  seem  3MS  is  too  low  (about  0.01 
pm/min.  in  Fig.  6-9),  it  is  not  practical  to  grow  a  2  pm  thick  SiC  film  for  ~  200  minutes 
using  our  current  LPCVD  system  under  this  growth  condition. 

However,  the  films  grown  with  30  to  45  seem  3MS  for  6  to  16  minutes  can  give 
enough  information  to  show  the  effects  of  growth  conditions  on  structural  properties  of 
the  SiC  films.  The  information  of  chemical  composition  and  crystallinity  of  SiC  thin 
films  grown  on  sapphire  substrate  was  obtained  through  their  0-20  XRD  spectra,  as 
shown  in  Fig.  6-10.  These  spectra  show  that  poly-crystalline  SiC  films  oriented  in  the  3C- 
SiC  <11 1>  direction 
with  a  20  peak  at 
35.5°  and  line  widths 
between  0.273°  ~ 

0.353°  were  obtained 
at  growth  temperature 
of  1100  °C.  No  other 
orientation  of  SiC 
films  was  detected. 

Unlike  the  one- 
direction  relationship 
between  growth  rate 
and  3MS  flow  rate,  it 
is  interesting  that  the 


20  angle  ( 0 ) 


Figure  6-10  Effect  of  3MS  flow  rate  on  the  XRD  peak 
intensity  of  3C-SiC  (1 1 1)  orientation. 
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crystallinity  of  SiC  films  was  not  increased  or  decreased  with  increasing  the  3MS  flow 
rate  monotonically.  From  the  full  widths  at  half  maximum  (FWHM)  of  SiC  (111)  peak 
vs.  3MS  flow  rate  in  Fig.  6-9,  we  imply  that  there  is  an  optimized  region  for  the  selection 
of  3MS  flow  rate  that  can  produce  the  SiC  fdm  with  better  crystallinity,  which  is  in  the 
range  of  35  ~  40  seem.  The  following  discussion  on  the  SEM  and  AFM  results  could  tell 
why  this  happened. 


Fig.  6-11  shows 
the  results  of  surface 
morphology,  grain  or 
column  boundary,  and 
SiC-sapphire  interface 
measured  by  SEM.  The 
interfaces  of  all  samples 
grown  on  sapphire 
substrate  at  1100  °C  are 
smooth  and  free  of  void. 
The  films  grown  with  40 
and  35  seem  3MS 
showed  better  surface 
morphology  than  the 
films  grown  with  other 
3MS  flow  rates. 


(a)  25  seem,  0.2  [im 


(b)  30  seem,  2.65  ttm 


(d)  40  seem,  2  [im 


(e)  45  seem,  3  |im 


Figure  6-11.  The  SEM 
micrographs  of  SiC  thin 
films  grown  on  sapphire 
[0001]  substrate  with 

(a)  25  seem, 

(b)  30  seem, 

(c)  35  seem, 

(d)  40  seem, 

(e)  45  seem 

3MSat  1100  °C. 
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In  Figs.  6-12  and  6-13,  the 
root  mean  square  (RMS)  surface 
roughness  of  SiC  thin  films  was 
normalized  to  the  film  thickness  and 
varied  from  4.33-5.75  nm  per  pm  in 
thickness.  The  RMS  surface 
roughness  of  starting  sapphire 
substrate  is  0.837  nm,  measured  by 
AFM.  For  all  films  with  thickness  of 
2  to  3  pm,  the  RMS  surface 
roughness  will  be  about  2-order 
magnitude  smaller  than  the  spectral 
range  (490  -  1050  nm)  of  the 
reflected  light,  sufficient  for  our 
purpose.  In  Fig.  6-13,  the  lower 
normalized  RMS  surface  roughness 
was  also  given  by  the  films  grown 
using  40  and  35  seem  3MS.  These  are 
consistent  to  the  results  on  effect  of 
3MS  flow  rate  on  the  line  widths  of 
SiC  (111)  peak  in  Fig.  6-9.  The 
possible  reason  for  such  phenomenon 
could  be  explained  by  the  different 


Figure  6-12  The  AFM  micrographs  of  (a) 
starting  surface  of  sapphire  substrate  and 
surfaces  of  SiC  films  grown  at  1100  °C 
with  (b)  30  seem,  (c)  35  seem,  (d)  40  seem 
and  (e)  45  seem  3MS  for  16  min.,  12  min., 
8  min.  and  9  min.,  respectively. 
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strain  effect  on  the  structural  properties  of  each  SiC  film  under  different  3MS  flow  rate.  It 
is  well  accepted  that  substrate  temperature  and  deposition  rate  (atoms/cm2-sec)  are 
among  the  chief  variables  affecting  deposition  processes.  1191  In  this  section,  the  flow  rate 
of  3MS  determined  the  structural  properties  of  the  SiC  films.  The  lower  3MS  flow  rate 
results  in  lower  growth  rate  and  denser  film.  The  denser  film  contains  higher  strain. 
When  the  film  grows  thicker,  the  strain  in  the  film  can  be  reduced  due  to  a  combination 
of  relaxation  originated  from  its  higher  surface  roughness  and  lateral  inhomogeneity  in 
the  composition  of  the  films.  1181  On  the  other  hand,  the  higher  3MS  flow  rate  produces 
more  void  volume  in  the  film,  which  makes  the  film  surface  rough  and  can  degrade  the 
device  performance.  To  obtain  a  high  temperature  sensitivity  of  the  SiC  temperature 
sensor,  the  film  should  be  thick  enough  while  keeping  low  surface  roughness.  191 
Therefore,  the  need  of  optically  flat  surfaces  for  SiC  Fabry-Perot  interferometer  operation 
requires  the  growth  conditions  to  be  optimized,  in  order  to  provide  a  film  with  low 
surface  roughness  (about  10' 
of  resonant  wavelength  Am), 
high  crystallinity,  good 
surface  morphology,  high 
film  uniformity,  and  low 
void  volume.  From  the  next 
discussion  on  temperature 
sensing  measurements  of  SiC 
Fabry-Perot  interferometers, 
we  will  see  how  important 


30  35  40  45 

3MS  flow  rate  (seem) 


Figure  6-13  Effects  of  3MS  flow  rate  on  RMS 
surface  roughness  of  SiC  thin  films,  which  is 
normalized  to  the  film  thickness. 
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the  optimized  growth  conditions  are  to  the  performance  of  SiC  Fabry-Perot  temperature 


sensors. 

6.5  SiC  temperature  sensor  characterization 

6.5.1  Experimental  set-up 

As  shown  in  Fig.  6-14,  the  temperature  sensing  measurement  was  performed  by 
an  Ocean  Optics,  Inc.’s  (Florida,  USA)  SD2000  fiber  optic  spectrometer  with  a  reflection 
probe  designed  for  high  temperature  operation  and  a  LS-1  white,  broadband,  tungsten 
halogen  light  source  in  the  atmospheric  ambient.  A  bundle  of  seven  Fiberguide’s  (New 
Jersey,  USA)  multimode,  400-pm,  gold-jacketed  silica  fibers,  which  includes  six 
illumination  fibers  surrounding  one  read  fiber  in  center,  were  designed  for  a  bifurcated 
reflection  probe  that  can  operate  at  temperature  up  to  700  °C.  This  specially  designed 
reflection  probe  has  a  200  mm  x  6.35  mm  stainless  steel  ferrule  to  house  the  fiber  bundle. 
It  was  coupled  to  the  fiber  optic  spectrometer  and  the  light  source  to  create  a  small- 
footprint  optical-sensing  system.  A  BARNSTEAD/THERMOLYNE’s  (Iowa,  USA) 
Thermolyne  Cimarec®  1  hot  plate  was  used  to  provide  heat  during  the  temperature 
sensing  measurement.  The  maximum  operating  temperature  of  this  hot  plate  is  about  550 
°C  with  375  watts  output  power.  To  avoid  the  collection  of  reflected  light  from  the  top 
surface  of  the  hot  plate,  the  sample  was  separated  from  the  hot  plate  by  a  1.5  cm  thick 
metal  disc  ring.  The  reflection  probe  was  held  by  a  probe  holder  over  the  sample  and  sat 
on  the  backside  of  the  sample  in  normal  direction.  To  record  the  operating  temperature, 
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the  common  end  of  an  Omega®  ‘s  (Connecticut,  USA)  K  type  thermal  couple  with  a 
temperature  resolution  of  0.1°C/1°C  contacted  end  surface  of  the  poly-SiC  film.  The 
other  end  of  the  thermal  couple  was  then  connected  to  an  Omega® ’s  HH23  handheld 
microprocessor  digital  thermometer. 


Figure  6-14  Sketch  of  the  experimental  set-up  for  temperature  measurement. 


The  OPD  of  the  reflective  poly-SiC  interferometer  is  temperature  dependent  due, 
primarily,  to  the  variation  of  its  refractive  index  with  temperature,  which  can  be 
translated  into  the  change  of  wavelength  of  the  resonance  minimum.  The  sensing 
interferometer  is  illuminated  by  spectrally  white  broadband  light  source  of  a  tungsten- 
halogen  lamp.  The  sensed  temperature  can  then  be  determined  from  the  positions  of 
resonance  minima  in  the  sensor’s  output  spectrum.  Some  simple  algorithm  and  statistical 
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technique  were  used  to  analyze  the  spectrum  in  order  to  determine  the  temperature 
sensitivity  of  the  sensor. 


6.5.2  Effect  of  SiC  thin-film  thickness 


For  all  measurements,  the  angle  of  incident  light  is  approximated  to  be  zero.  Fig.  6-15 
shows  the  output  spectra  of  starting  sapphire  substrate  and  poly-SiC  temperature  sensors 
using  poly-SiC  thin-films  grown  on  sapphire  substrate  with  different  thickness.  The 
spectral  range  is  from  490  nm  to  1050  nm.  The  interference  phenomenon  was  observed 
with  all  poly-SiC  samples,  but  not  with  the  starting  sapphire  substrate.  The  thicker  poly- 


Wavelength  (nm) 


Figure  6-15  Spectra  of  temperature  sensors  using  SiC 
thin  films  with  different  thickness  over  the 
wavelength  range  from  490  nm  to  1050  nm. 
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SiC  film  gives  sharper  curvature  at  the  positions  of  reflected  resonance  minima  and 
shorter  bandwidth  between  two  adjacent  resonance  minima.  Eq.  (9)  indicates  that  the 
thicker  film  should  provide  higher  temperature  sensitivity.  However,  in  practice,  there  is 
a  limitation  on  the  film  thickness  due  to  the  restriction  on  the  RMS  surface  roughness  for 
our  purpose.  Figs.  6-6  and  6-7  indicate  that  the  top  surface  of  a  poly-SiC  thin-film  will  no 
longer  be  optically  flat  when  the  film  thickness  exceeds  a  certain  value.  This  can  severely 
degrade  the  sensor  performance  because  the  rougher  surface  will  give  higher  dispersion 
of  the  reflected  light.  Based  on  the  above  considerations,  we  chose  the  2.0  pm  thick  poly- 
SiC  film  grown  on  sapphire  substrate  to  make  the  temperature  sensing  measurement. 

The  resonant  wavelengths,  Am,  of  the  output  spectra  were  presumed  to  correspond  to 
the  local  minima  in  the  reflection  RS(A)  function.  To  determine  Am,  the  RS(A)  was 
measured  using  a  sampling  interval  of  0.3  nm.  A  quadratic  fit  was  applied  to  RS(A)  in  the 
±6  nm  region  about  the  minimum  value.  By  calculating  the  position  of  the  polynomial’s 
minimum,  Am  can  then  be  determined.  This  simple  algorithm  was  found  to  provide  a 
resolution  that  was  adequate  for  the  purpose  of  calibrating  the  sensors  and  assessing  their 
stability.  As  shown  in  Fig.  6-16,  a  shift  of  ~7  nm  in  resonance  minimum  was  obtained  for 
the  poly-SiC  temperature  sensor  over  the  temperature  range  of  22.2  °C  to  546.5  °C, 
where  Am  ~  692.8  nm  at  T0  of  22.2  °C.  In  Fig.  6-17,  the  shift  in  resonance  minimum,  AAm, 
increases  with  increasing  the  operating  temperature,  TM.  A  linear  fit  to  AAm/ATM  provides 
the  relative  temperature  sensitivity  of  1.9  x  10'5/°C,  using  the  definition  of  ks  in  eq.  (11). 
From  the  slope  of  AAm/ATM  ~  0.013  nm/°C,  predicted  by  a  linear  regression  in  Fig.  6-17 
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Shift  in  resonant  minima  (nm)  Reflected  intensity  (a.u.) 


and  by  applying  the  definition  of  Ks  again,  we  can  get  an  approximation  to  convert  the 


changes  of  AXm  into  the  changes  of  measured  temperature  ATM. 


Figure  6-16.  Spectra  of  SiC 
temperature  sensor  obtained  at 
22.2  °C  and  546.5  °C.  The  shifts 
in  resonance  minima  versus 
temperature  were  recorded.  The 
Xm(To)  near  692.8  nm  at  22.2  °C 
is  arbitrarily  defined. 

660  670  680  690  700  710 
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Figure  6-17.  Measured  shifts 
in  resonance  minima,  AXm, 
versus  measured  temperature, 
Tm,  for  the  SiC  temperature 
sensor  fitted  to  a  linear 
function. 
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The  temperature  accuracy  of  the  poly-SiC  temperature  sensor  was  obtained  by 
comparing  spectrometer-sensed  temperature  to  the  actual  temperature  measured  by  a 
thermometer.  For  more  accurate  information  on  the  temperature,  the  normalized 
resonance  shift  was  defined  as: 


(14) 


where  T0  =  22.2  °C  by  arbitrary  definition.  Fig.  6-18  shows  that  a  quadratic  function 
accurately  fits  the  experimental  data  of  AXm(T)  function.  From  Fig.  6-19,  The  deviation 
of  normalized  resonance  shifts,  8[AXm(T)],  from  the  quadratic  fit  exhibits  a  temperature 
accuracy  of  ±  3.5  °C  over  the  range  of  22  °C  to  540  °C.  We  expect  that  this  accuracy  can 
be  further  improved  by  using  a  higher  resolution  spectrometer. 


40  seem  3MS,  1  slm  H2,  1100  °C,  2  pm  thick. 
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Figure  6-18  Normalized  resonant  shifts,  ^~(T)  =  •  100%  > 

m\  '  0  srri  \ 


•  100%’ 


versus  measured  temperature,  TM,  for  the  SiC  temperature  sensor  fitted 
to  a  quadratic  function. 
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Figure  6-19  The  deviation  of  normalized  resonant  shifts,  8[AXm(T)], 
from  the  quadratic  fit  in  Fig.  6-18,  expressed  in  terms  of  the  deviation 
of  sensed  temperature,  ATm,  from  measured  temperature  Tm- 


6.5.3  Effect  of  SiC  thin-film  structure  using  different  3MS  flow  rate 

We  have  discussed  the  effect  of  3MS  flow  rate  on  the  structural  properties  of 
poly-SiC  thin-films  in  previous  section  6.4.2.  The  effect  of  SiC  thin-film  structure  using 
different  3MS  flow  rate  on  temperature  sensing  performance  of  the  SiC  sensors  has  been 
investigated  using  the  same  experimental  setup  for  the  temperature  measurement 
described  before. 

Fig.  6-20  shows  the  output  spectra  of  starting  sapphire  [0001]  substrate  and  the 
SiC  films  grown  with  different  3MS  flow  rate.  The  spectra  range  from  490  nm  to  1050 
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nm.  All  measured  SiC  samples  but  the  starting  sapphire  substrate  showed  the  interference 
pattern  in  the  output  spectra.  The  effects  of  3MS  flow  rate  and  film  thickness  on  the 
reflected  intensity,  curvature  at  the  resonant  minima,  and  the  bandwidth  between  two 
adjacent  resonant  minima  have  been  also  observed.  Because  of  the  increasing  sharpness 
of  curvature  at  resonant  minimum,  the  temperature  sensitivity  and  accuracy  of  Fabry- 
Perot  interferometric  sensor  can  be  improved  by  the  increase  of  reflected  intensity  and/or 
the  decrease  of  bandwidth  between  two  adjacent  resonant  minima.  Fig.  6-20  also  shows 
that  the  fdm  grown  with  40  seem  3MS  has  the  highest  reflected  intensity  while  the  film 
grown  with  35  seem  3  MS  has 
the  smallest  bandwidth 
between  two  adjacent 
resonant  minima,  although 
these  two  films  are  thinner 
than  other  two  fdms  grown 
with  30  and  45  seem  3MS. 

This  indicates  that  the 
temperature  sensing 

performance  of  the  SiC 


Wave  length  (nm) 


sensor  is  determined  by  the 
structural  properties  of  the 
SiC  fdms,  as  we  predicted  in 
the  previous  discussion. 


Figure  6-20  Sensor  spectra:  output  spectra  of 
SiC  temperature  sensors  using  SiC  thin  fdms 
grown  on  sapphire  substrate  with  different  3MS 
flow  rate.  490  nm  <  X  <  1050  nm. 
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During  the  temperature  sensing  measurement,  the  one-way  shifts  in  resonant 
minima  A\m  have  been  observed  on  all  samples,  which  increase  with  the  increased 
operating  temperature  TM.  The  resonant  wavelengths,  A.m,  of  the  output  spectra  were 
presumed  to  correspond  to  the  local  minima  in  the  reflection  RS(X)  function.  To 
determine  Xm,  the  RS(X)  was  measured  using  a  sampling  interval  of  0.3  nm.  A  quadratic 
fit  was  applied  to  RS(X)  in  the  ±6  nm  region  about  the  minimum  value,  which  was 
searched  through  the  range  of  Xm.  By  calculating  the  position  of  the  polynomial’s 
minimum,  Xm  can  then  be  determined.  For  the  comparison  of  temperature  sensing 
behavior  of  the  SiC  films  grown  under  different  conditions,  we  only  investigated  the 
shifts  in  resonant  minima  near  the  range  of  660  ~  700  nm  since  it  is  difficult  to  find  the 
same  resonant  minima  from  the  output  spectra  on  all  samples.  The  linear  fits  to  AXm 
versus  measured  temperature  TM  over  the  range  of  22  to  540  °C  were  then  obtained  to 
provide  the  corresponding  thermal  expansion  coefficient,  K^,  for  each  SiC  sensor.  The 
calculation  of  £km  over  ATM  provides  the  relative  temperature  sensitivity  of 
1.77-1. 89x10~5/°C  at  Xm(T0=22  °C)  of  675.818  nm,  667.585  nm,  692.827  nm,  and 
0.55xl0's/°C  at  Xm(T0)  of  714.232  nm  for  the  SiC  films  grown  with  30,  35,  40,  45  seem 
3MS,  respectively.  Obviously,  the  film  grown  with  45  seem  3MS  will  not  provide  an 
expected  temperature  sensing  performance. 

For  more  accurate  information  on  the  performance  of  SiC  temperature  sensors, 
the  normalized  resonance  shift  was  then  defined  in  eq.  (14)  on  page  136,  where  To  =  22 
°C  by  arbitrary  definition.  Again  for  the  samples  grown  with  35  and  40  seem  3MS,  Fig. 
6-21  shows  that  the  quadratic  functions  more  accurately  fit  the  experimental  data  of 
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A?im(Tiy[)  function  than  those 
grown  with  30  and  45  seem 
3MS.  For  further  information  on 
temperature  accuracy  of  the  SiC 
temperature  sensors,  the 
deviation  of  sensed  temperature 
ATm  is  represented  by  the 
actually  measured  temperature 


TM-  As  shown  in  Fig.  6-22,  the 
deviation  of  normalized 
resonance  shifts,  8[AA.m(T)], 


Figure  6-21  Normalized  resonance  shifts, 
aL(T)=100%[  MT)-  MTo)]/  MTo),  versus 
measured  temperature  for  the  SiC  temperature 
sensors  fitted  to  the  quadratic  functions. 


from  their  quadratic  fits  exhibits 
a  temperature  accuracy  of  ±9.2 
°C,  ±2.8  °C,  and  ±3.5  °C  over 
the  range  of  22  °C  to  540  °C  for 
the  samples  grown  with  30,  35, 
and  40  seem  3MS.  These  results 
enhance  the  previous  statement 
in  advance  about  the  effects  of 
growth  conditions  on  the 
structural  properties,  hence  the 
temperature  sensing 

performance,  of  SiC  Fabry- 


Figure  6-22  Effect  of  3MS  flow  rate  on  the  deviation 
of  sensed  temperature  (i.e.  temperature  accuracy), 
ATm,  of  the  poly-SiC  temperature  sensors,  expressed 
in  term  of  measured  temperature,  TM- 
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Perot  interferometers.  The  best  device  performance  is  obtained  from  the  sensor  fabricated 
using  optimized  growth  conditions  and  SiC  film  thickness. 

6.5.4  Short-term  stability  test 

During  the  temperature  sensing  measurement,  the  light  coming  out  of  the 
illumination  fibers  went  through  the  sample  from  the  backside  of  the  sapphire  substrate 
and  was  reflected  at  the  end  surface  of  SiC  film  and  SiC-sapphire  interface.  The  reflected 
light  was  then  collected  by  the  read  fiber,  while  the  output  spectrum  can  be  almost 
obtained  synchronically.  Within  the  spectral  range  of  the  grating,  500  nm  to  1100  nm,  in 
the  spectrometer,  the  thin-film  interference  was  observed  when  viewing  the  spectrum  in 
reflection  mode.  Before  recording  the  output  spectrum,  the  lamp  was  allowed  to  warm  up 
and  stabilize  for  30  minutes.  The  temperature  was  increased  from  22  °C  to  540  °C, 
continuously.  At  each  temperature  set  point,  it  took  about  30  minutes  to  increase  and  2 
hours  to  stabilize  the  temperature.  Then  the  output  spectrum  was  recorded,  which 
contains  the  data  information  on  temperature  sensing  performance  of  SiC  Fabry-Perot 
interferometer.  For  the  measurement  of  short-term  stability,  the  soak  temperature  was 
brought  to  532  °C  and  allowed  to  stabilize  for  24  hours  before  the  baseline  RS(A) 
measurement  were  performed. 

The  short-term  stability  test  on  the  sensor  using  35  seem  3MS  was  performed  at  a 
constant  temperature  of  532  °C  for  about  14  days.  The  sensor  was  not  pre-annealed  and 
was  characterized  only  at  room  temperature  prior  to  this  test.  It  was  fully  exposed  to  the 
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air  during  the  measurements.  The  wavelengths  at  resonant  minima  were  determined  using 
the  same  method  described  before  in  this  paper.  The  shifts  in  Xm,  relative  to  the  baseline 
value,  were  converted  to  the  changes  in  TM  using  the  measured  value  of  ks.  In  Fig.  6-23, 
the  sensor  does  not  show  any 
systematic  temperature  drifts. 

Instead,  it  shows  a  random 
variation  within  the  range  of  -2 
~  +  3.5  °C  about  the  baseline 
temperature.  Over  the  full 
duration  of  this  test,  the 
temperature  measurements  of 
the  sensor  had  a  standard 
deviation  of  0.97  °C.  The  results 
demonstrate  the  promise  of  SiC 
Fabry-Perot  interferometric 
temperature  sensor  for  high- 
temperature  applications. 

6.6  Summary  and  Conclusion: 

In  summary,  we  have  presented  the  fabrication  and  characterization  of  poly-SiC  thin- 
fdms  grown  on  insulating  sapphire  substrates  for  high  temperature  fiber-optic 
applications.  The  optically  flat  poly-SiC  thin-films  were  successfully  grown  by  LPCVD 


Figure  6-23  Short-term  stability  measurement 
on  one  SiC  sensor  exposed  to  532  °C  in  air 
for  two  weeks  shows  the  random  variations 
of  temperature  about  the  baseline  temperature 
and  a  standard  deviation  of  0.97  °C 


142 


on  crystalline  sapphire  substrate  at  a  much  lower  processing  temperature  (1100  °C)  than 
that  required  for  the  epitaxial  growth  of  single-crystal  SiC.  The  optimized  growth 
conditions  for  SiC  thin  films  have  been  developed  to  provide  the  optically  flat  surface  for 
SiC  Fabry-Perot  interferometers. 

To  investigate  the  temperature  sensing  behavior  of  the  poly-SiC  thin-film  as  a  Fabry- 
Perot  interferometer,  a  method  of  spectrum-modulating  temperature  measurement  has 
been  developed.  The  initial  results  on  the  temperature  sensing  behavior  of  this  poly-SiC 
interferometer  showed  that  the  one-way  phase  shift  in  resonance  minimum  is  a  function 
of  operating  temperature  over  the  range  of  22.2  °C  to  540  °C.  The  effects  of  thickness 
and  structural  properties  of  the  poly-SiC  thin-films  on  the  performance  of  temperature 
sensors  have  been  discussed.  A  temperature  accuracy  of  ±2.8  °C  over  the  temperature 
range  of  22  °C  to  540  °C  has  been  obtained  from  the  sample  with  2.6  |im  thick  SiC  film 
grown  with  35  seem  3MS.  The  short-term  stability  test  shows  that  the  SiC  Fabry-Perot 
interferometric  temperature  sensor  is  highly  stable  at  temperature  of  532  °C  in  a  wide- 
opened  ambient. 

Our  current  research  indicates  that  the  SiC  Fabry-Perot  interferometer  is  very 
promising  and  economical  for  the  applications  of  robust  fiber-optic  temperature  sensor 
operating  in  harsh  environment.  However,  a  more  precisely  and  reliably  experimental 
setup  is  required  for  the  measurement  at  higher  temperature  and  in  corrosive  ambient. 
The  potential  of  this  poly-SiC  temperature  sensor  operating  at  higher  temperature  range 
needs  to  be  further  studied. 
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CHAPTER  7.  SUMMARY  AND  CONCLUSION 


The  work  presented  here  studies  the  growth,  mechanical  polishing,  ICP  etching, 
and  structural,  electrical  and  optical  properties  of  the  SiC  thin-films  grown  on  the 
insulating,  low-stress,  amorphous  Si3N4/Si  or  single-crystal  sapphire  substrates  with  the 
single  organosilane  trimethylsilane  by  a  rapid  thermal  LPCVD.  The  experimental  results 
show  that  the  SiCOI  structures  are  very  promising  for  robust  MEMS  and  high 
temperature  fiber-optic  applications. 

The  fabrication  and  properties  of  SiC  structures  for  high  temperature  MEMS 
applications  have  been  reported.  The  MEMS  device  requires  the  growth  and  doping  of 
SiC  thin  films  on  amorphous  Si3N4  layers  on  Si  substrates.  The  in-situ  doping  was 
performed  by  addition  of  N2  into  the  reaction  chamber.  The  sheet  resistance  and 
resisitivity  can  be  readily  controlled  by  the  growth  temperature  and  N2  gas  flow  rate.  A 
resistivity  of  75Q/D  was  measured  for  the  N2  doped  SiC  film  when  operating  the 
structure  at  400K.  MEMS  structures  such  as  cantilevers,  lateral  resonators  and 
membranes  were  successfully  fabricated. 

Initial  fabrication  of  MEMS  structures  by  inductively  coupled  plasma  (ICP)  dry 
etching  has  shown  that  LPCVD  conformal  growth  of  SiC  on  low-stress  amorphous  SCN4 
layer  is  successful.  To  improve  surface  morphology  of  the  as-grown  SiC  films,  a 
mechanical  polishing  method  has  been  developed  for  a  good  mask  adhesion  and  high 
etching  yield.  Under  the  low  RF/ICP  power  conditions  (40-100/100-400  W),  NF3/Ar 
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gaseous  mixtures  were  utilized  to  produce  smooth  etched  SiC  surface.  Vertical  side-walls 
indicating  high  anisotropy  of  NF3/Ar  etching  have  been  obtained  under  certain 
conditions.  The  dependence  of  etch  rate  on  etching  conditions  (such  as  gases  ratio,  ICP 
power,  RF  chuck  power  and  DC  bias)  has  been  studied.  Positive  photoresist  Shipleyl818 
has  been  evaluated  as  a  mask  material  for  SiC  etching  in  both  NF3/Ar  and  C^/Ar 
discharges.  CF/Ar  shows  promise  for  ICP  etching  of  the  SiC  film  under  certain  condition. 
Further  efforts  on  optimizing  etching  conditions  are  required  for  high  etch  rate  with  low 
damage. 

Optically  flat  poly-SiC  thin-films  were  successfully  grown  on  crystalline  sapphire 
substrate  at  a  much  lower  processing  temperature  (1100  °C)  by  LPCVD  than  that 
required  for  the  epitaxial  growth  of  single-crystal  SiC.  The  optimized  growth  conditions 
for  the  SiC  thin-films  have  been  developed  to  provide  the  optically  flat  surface  for  SiC 
Fabry-Perot  interferometers.  To  investigate  the  temperature  sensing  behavior  of  the  poly- 
SiC  thin- film  as  a  Fabry-Perot  interferometer,  a  method  of  spectrum-modulating 
temperature  measurement  has  been  developed.  The  initial  results  on  the  temperature 
sensing  behavior  of  this  poly-SiC  interferometer  showed  that  the  one-way  phase  shift  in 
resonance  minimum  is  a  function  of  operating  temperature  over  the  range  of  22.2  °C  to 
540  °C.  The  effects  of  thickness  and  structural  properties  of  the  poly-SiC  thin-films  on 
the  performance  of  temperature  sensors  have  been  discussed.  A  temperature  accuracy  of 
±2.8  °C  over  the  temperature  range  of  22  °C  to  540  °C  has  been  obtained  from  the 
sample  with  2.6  pm  thick  SiC  film  grown  with  35  seem  3MS.  The  short-term  stability 
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test  shows  that  the  SiC  Fabry-Perot  interferometric  temperature  sensor  is  highly  stable  at 
temperature  of  532  °C  in  a  wide  open  ambient  for  two  weeks. 

Our  current  research  indicates  that  the  SiC  Fabry-Perot  interferometer  is  very 
promising  and  economical  for  the  applications  of  robust  fiber-optic  temperature  sensor 
operating  in  harsh  environment.  However,  a  more  precisely  and  reliably  experimental 
setup  is  required  for  the  measurement  at  higher  temperature  and  in  corrosive  ambient. 
The  potential  of  this  poly-SiC  temperature  sensor  operating  at  higher  temperature  range 
needs  to  be  further  studied. 
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